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. An interactive computer simulation, LARC-I, has been designed
to solve the non-linear equations of motion of a generalized VTOL
aircraft taking off from or landing on the deck of a ship moving in an
i rregular or random seaway.

This version of LARC-I is limited to longitudinal motions,
H but is designed for eventual expansion to all degi-ees of freedom.

The LARC-I programs makes use of ship motion amplitudes and
frequencies derived separately in a ship motions program, wherein
.the forcing functions of the seaway are based on a stochastic represent
tion of the waves for any given sea state. The pitching and heaving
motions of the ship are transmitted to the aircraft by a realistic
simulation of the landing gear.

The program permits solution of an arbitrary maneuver, defined
by a sequence of aircraft control changes, and composed of any number
of segments of arbitrary length, in each of which the controls remain

Sfix:ed.
The equations of motion for a generalized VTOT, aircraft are

t*,'.'t-icailarzed by adding a force and moment module for each specific
arcraft. This version of LARC-I contains one such module for the
"I-53A, D helicopters.

Dynamic validation with flight test data is considered excellent
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rrje~ escrition C
This roport describes the work accom~plished by CADCOZ't,

Inc.# under Oý'R Contract N00014-72-C-05311 titled "Sea Control

ShipJA4_.icraf~t Motions".~ The work was sponsored jointly by

Uie Off ic,- of Naval Research and the Naval Air Systems

C=ozind.

The purposf.. of the project was to develop an. analytical,

computer"-augmeTntad, simulation to prov~.ide-, (a) a launch/I
recovery effectiveness evaluation of shir-aircraft combine-

tions under a variety of wind/wave and ship motion conditions,

and (b) a specific effectiveness evaluation directed to a

Sea Control Ship and t.%e VTOL aircraft to be associated W.1th

its operation. The principal objective was the construction

aaid subsequent evaluatiorn of an Accurate and representative

3izmu~ation model,

It was established that certain limiting assumptions

and simplific~tions would be heceseary in order to make

the d~vvlopmat of a simulation possible. under the given

funding and time con.traints and that the *acercisa of tho modial

viou~d be- nactstarily oonflnod to tvo candidate se-a control

chips a~d tw atircraft MCJ-53 arod tarriar).

The mJZa~tion package vhith vas d~vqapad under tho

conrac~t is calla4 "LAiRC-16 tt~anch ard ifwcovety Compatibi1lity!'t,

LAKC-1 simu14ates tht ftotion of an tiniraet in an ireigular

agavay,4 A.'th~ough t.h@ uotior.% of'' aircraft are coifl'

fino4 t4 th x-a plana an~d t~hoso of th# #hip to ha*

- ~ pitcIh *d a totuard ioation, tho i;A*C-I program is

1i



structured to allow an orderly modular expansion into

a version which will simulate the motion in all six degrees

of freedom, longitudinal and lateral.

The ship-motions selected for the exercise o-.- the model

ar e parraiettric in nature and hence can represent the motions

rr a number of candidate air-capable ships. The aircraft

used in the model exercitie and generation of data wat 4-he

CH-53D helicopter. During the performance period, -DCOM4,,

OkIR# and NAVAIR attempted to obtaixn date, on the. ._rier

aircraft without success. Thus, the lattor ai- *~t yfas

eliminated fro~m the computational phase of tl,, projcot and,,

AAinstead, additional data was generated fox to CH-3

Conclusions

Data an the Harrier aircraft was received by CAWCO4

after the comypletion of this project# and it is included in

frthis report (Appen~dix E) for reference purposes.

As a result of C..is works the Wetative coclusion~

14has beetn rachod that pitchipq and heaving platfcrr notions
will no ii o~ take-off and recovery ftnoqverz &

VTO~L aircraft. of this type. ;4ua ni#; airv t*0

far apart to couple. Athaqqh thoro is an. 1tiOrG4A* In

Conktrol freqqnclaa duo to fuscI~q* ptchlng MM-Antep the

retjuired pilot r*vpanad is Vith'a t~or*41 Iit~its Sp#CM041Yt

tako-off tapaility of the CH-5D "li~copter. th* statio

X



and dynamic stability margins of the aircraft are sufficient

to allow safe take-off maneuvers with acceptable levels of

pilot effort.

b. In no case were landing gear loads in excess of

the design limit loads as given in References 6 and 7. (Note)

Recommendations

As a result of its experience with surveying the state

of the art, developing the mathematical model, constructing

the computer simulation, and applying LARC-I to realistic

snip/aircraft operations. CADCOM makes the following recom-

amendations:

a. Successful and realistic general use of the LARC

simulation as an analytical tool in system analysis will.

require the extension of the program to all six degrees of

freedom for both ship and aircraft. It is apparent from

the results of the longitudinal moticn studies that high-

frequency cyclic response will result in roll fraces which

may couple with landing gear forces in the roll plane.

b. Real-time or iuasi-real-time flight control should

be added to the s-imulation to ailow the operator to "fly" the

model. His Mrference system would be provided by an inter-

activt eoiputer qrAphi-l, display, In the present version,

the mod.al operates in short (5-8 second) control-fixed seg-

rentt. In the proposed interactively controlled model, the

te~acl-. qeýr - ".NL)
noso gear: 17100O

(each qeir - cond. L. L, 3 PT.)

Xi



All, high sampling rate control loop would allow adaptive control

in a real-time mode which nore accurately reflects pilot

* response,

c. Investigation of the mathematical representation of

the random sea with the intentioli of resolving the problems

discussed in Appendix D should be continued.



I. INTRODUCTION

Frequently the effect of the motion of a ship in

moderate to heavy seas on the aircraft and/or the ship

design and performance characteristics necessary for a

high probability for a successful launch or recovery o.Z

aircraft have been given little consideration during the

design phase. iii fact, the design trade-offs between

the ship and the aircraft performance characteristics are

probably unknown to a large degree.

Recently the Sea Control Ship has emtrged as a signifi-

cant advancement in our defense posture. AX ;resaeL ly con-

ceived, the Sea Control Ship is a small, versatile combatant

with significant air capability. If this new concept is to

sticceed, significant effort nmust be expended to insure that

small ships can serve as adequate platfcrms for aircraft.

Since the platforms on such ships will of necessity be

smaller, the motions of those platforms will consequently

bc more severe than thosc of present aircraft carriers.

Qv,, of the first steps in the process of evaluating

the air capable potential of candidate ship types and/or

designs is to d~tcrmina their seakec•ping charactoristics.

Once the response of the candidate ship to various sea

states is known, this information can be assessed together

with the maneuverability and control characteristics o!

candidate aircraft to detervine the potential as a Sot

'Control Ship or aircraft.

V.. .)'VV' ...-.



Using computer-aided analysis and interactive graphics

techniques it is possible to simulate the individual motions

of both the aircraft and the ship and hence their relative

motions. This leads to the ability to estimate the proba-

bility of a successful launch/recovery with existing aircraft

from existing or proposed snips. In addition, it is possible

to simulate the motion of proposed ship concepts and thus

to determine the probability of a successful launch/recovery

with existing or proposed aircraft.

In the following discussion, the motion of the ship is

first discussed in Section II, then the motion of the

aircraft in Section III, and finally the combined motion as

J used in the simulation as well. as the simuiation itself in

* •Section IV.

I-



II. SHIP MOTIONS

The characteristics of the ship which were used in

this simulation are shown in Table II-1. Further details

are given in detail in References 1 and 2. The determina-

tion of the ship re ionse amplitude operator (RAO) was by

means of the linear superposition theory described in

References 1 through 3 except for the pitch RAO at a

S •"Froude number of 0.30. These responses were derived from

model tests. The theoretical and experimental values are

shown in Figure II-1.

TABLE II-I

MODEL M

PARAMETER SHIP MODEL VALUES

LENGTH BETWEEN PERPENDICULARS
LSP, kT 12.69

DRAX'T AT FT 0."15

BLOCK COErFICIENT 0.632

i"EAM , FT 1.83

CENTE4 OF BUOYANCY,S T. Arr OF , 0.208
STATIONS 10.33

CENTER OF eLOTATION, r." AFT OF• ,524
STATIC•NS 10.83

RADIUS OF GYRATI0AR/L, FT 0,256

The full scale longth of the ship was asawmed to be 6301

LWiL and LBP. The maximum speed of the vessel was assumed to

be about 25 knots, corresponding to a Froude nuober

FP - 0.30 I I1

qL-1
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The data shown in Figure I-1. are for Froude numbers of

0.10, 0.20 and 0.36, and for wave lengths ranging from

L/X = 0.50 to 1.10. In only one case were the expeilmental

results substituted for the theoretical curve; the pitch

response at Fr = 0.30. Except for this case, theory

and experiment are in close agreement. At Fr = 0.30,

the theory overestimates the pitch response by up to 38

percent. The authors of Ref. I attribute this to large

"steady state" waves which may be expected at and above

the design hull speed. The dcsign speed for the Model M

hull is about Fr - 0.28, or for a 630' ship, about 23.5

knots. Unless the interaction between the oscillatory

motion and "steady state" Kelvin wave patLern is accounted

for in the ttecory, strip theory may be expected to over-

catimate amplitudes in the spe.e ragi'le where such waves

affect the pitching res-onsc. For pitching aplitvdes

"at Fr • 0.30 tfit dashed curvo of Figurk. Ill-Ic was uisad.

This curv, wai nii,'as. with tho to.r.... ' uv

,0.4 o

This P'ciuv is-

AV

f j'

i--A ~t ~ J



The spectral values for significant wave heights of 15,

20, 25 and 30 ft are shown in Figure 11-2. This formula

gives an approximation to real sea conditions which has

been recommended by the 11th International. Tct.'.ng Tank

Conference (1966) for use "when information on typical sea

spectra is not available." The shapes of spectral curves

derived from data <•llected in different sea locations

and at different periods of the year show wide variations.

In future studies, it is recommended that more representa-

tive data be used. At this -tara in. this project)the

Pierson-Moskowitz spectrum ..s adequate since the princi-

pal objective of the investigations described herein is

the demonstration of the simulation model.

The curves of Figure 11-2 approximate the spectra

which would be derived from data collected at a stationary

point. If the point were moving at a steady velocity in a

straight line, the curves would be displaced to the right

as shown in Figure I-3. Tho displaced curve in Figure 11-3

is the 20-foot spectrum as it would appear to a ship moving

at 25.3 knots or 42.8 FPS. To map the spectral data from

the stationary w - ' plana (whore w, is wave frequo^-• =4

i# wave h . z.t une movinrg w -y plane, where w. i
the� quency of inctonteor where ae and W are remated by

t 9
U o )1-
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it is necessary .to make use of the Jacobean of the

transformation

j .. rLa 14, Y) A ~e~e 11-4
Wel~e a(Wg)

awe aXel

For the head-on condition, where the ship is overtaking

the waves and traveling in the same direction, the Jacobean

is

1 11-5

Each ordinate of the "staLionary" curve is multiplied by

thi above expression to give the corresponding ordinate

(J"of the transformed spectra, as it would appeal to a moving

ship (Reference 3).

Trypical values of wave frequency, encounter frequencies

and wave longths for the 630' ship at .Fr 0.30 are shown

"in Tabl.e b 11--2

.4 1575 .358 .265

P 767 S07 35
S1.2 525 .621 .40S

Th wave longjth X and the •vo frequenoy w artr alate"

y ii



We14r -[ ns(± 31/2 14.22We 5.118= -- I6

For U = 42.3 fps, w is given by

<I ~3= T+ 1/2 9II3 1-7

The transformed sea spectra and the ship's response

amplitude operator squared are now multipied ordinate-by-

ordinate to obtain the response amplitude spectra for a

given sea state and ship velocity. Examples are given

in Eigure II-4 for significant wave heights of 15 - 20 ft i"
(sea state 6) and 25 - 30 ft (sea state 7), for the ship

Model H moving at Fr 0.30. Thus, the rcspofns4 enerqy

spectrum as a function of encounter "trec ueny W is j
S(W (8R(%)V I-

The total energy of the response spoctrum ia bq d-..f.iio

::,%,

and 4asum1.n' a R4y1dig Cstribution of tht maximta (*axmpliw

the Avv-r-tA; Wampi~tAdt A 1S253V~E 1Xm10

tht,*ui-a I i ý-a

( Wd~tof UOct 113 highest)

Coti 7 Froto nkstof 0.SO th@m tk!W*av nd Pitch

w~i~rn in'wv 4 tite Snp't zrýq. hi Lny TNASl 111

tI{'8") ""

I~ :, &
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"TABLE 11-3

SIGNIFICA1T MOTIONS
(Avg. of 1/3 Highct)

SSIGNIFICANT HEAVE PITCH
WAVE HIEIGHT AMPLITUDE AMPLITUDE

(FT.) (FT.) (DiGREES)

15 8.932 2.113

. 20 11.207 3.163

.•5 14,514 4.321

30 18.035 5.492

The amplitudes shown in Table 11-3 are those used

in the program to calculate motions at the landing locatici.

The Pierson-Moskowitz Spectrm which was used in
j" .. thir determination of herve an-i vitc.h aaiplituaes expresses

the ener'gy in. ully developed seas and it depends ofn

only one parameter, the significant wave height h1 3

With mnor parometers one could represent the soa sneetrz

actually encterod which &r o for th•e wcs part not

Sfully dtvcloed. or, "ro acciuntely. a Spectrum culd be

*usad 9 derived t~ro. actual wave dat4i at a livon loomion.

Thit. vwld provide the :tiiihest wo.aur* of accuracy but

wotltd nccvintrily apply only to coaditions which "ay occur

at th~t qeagreph1i toettioa at thtit tix* od yzar. The

Piunton-afokotitt spRctrtuw Lo uae int thu- stt4y bcnause

itsi sixaple ztt appy ar4d givnt r#v#,t~ prt&4itioha.



Ordinarily, the simulation would determine the heave

amplitude of any point other than the center of gravity

by evaluation of the heave response spectrum
Rz fw )])]2 +2 2 (Rs '(We )2

Z'"' ez119 c+gc

+ 2IRzfcg (We)R0,cg %•e) Cos MW - e(we)) e I-ll

where R2  is the response amplitude operator in heave (z)

at any point x

R, cg is the RAO in heave at the c.g.

RA ,cg is the RAO in pitcn at the c.g.

is the Ci.;tdnce from the c.g. to the point x,

We is the encounter frequency and

6,c are the phase angles for pitch and heave respectively,
both measuring the lead of the ship response
with respect to the maximum wave elevation at the
midship location.

The ship vertical displacement spectrum at any point other

than the c.g. due to the combined motions of heave and pitch

are detormined from this expression in the same fashion

as the heave and pitch separately at the c.g. That is:

SR %W ),R (W 2 II-H. (
R ,# 0IX 0 S e

and the stignificLant response anzvtitude is

2x (0) 2.0 SR(SX!) de.)

Il-li
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where

SR is the RAO in the z direction (vertical)
z,x at the point x due to pitch and heave at

the c.g.

Z x(W is the significant vertical displacement
at the point x.

Although the results derived from this procedure are statis-

tically correct, they are difficult to use because

the motions due to pitch and heave are coupled in the

resulting amplitude Zx (We). Use uf this amplitude alone

precludes the analysis of the effects of heave and pitch

motions at the point x separately. It would be preferable

to be able to use an expression of the form

S() Zcg cos (Wet - 6)+ +egCos (W t -Q)" II-14

wh-.'e zX is the vertical displacement at x

z eg is the maximum, vertical displacementto the cg

6eC9 is the maximum pitch displacemnt,

-•..
Or mrove convaniontly

(ta M3 WE ('s't) ýO Cos (W't-4 IX g e 09 a

-Where Wit (wet - 6i

2: : and 6" (6+ )

At Ii't *0 Coa6N,0) I

Sin(Wet) 0 0

sad Z. * : * fo cqSin to CZ-o6
X C9

" 11"-12

-



If this is set equal to 's. (o),, the coupled pitch/heave

deflection at x, cos 6' and hence 6' can be determined.

An example of a calculation is shown below to illus-

trate the use of this method.

The ship motions program predicts the following

motions at stations 10 (approximate c.g.) and 5 (157'

forward) for a 30' wave condition
STATION -

105
VERTICAL 18.03' 28,56'

PITCH 5.490 5.49o

~ ~ 28.3 -18.3 -0.698 RAD. 11-17
157 x 0.0958

At first this result appears to contradict the phase ret-

lations predicted by the ship motions program.. Figure 11-5

shows these relations for the L/X range f rom 0.4 to 1.2

for the Model M. The heave and pitch motions are everywhere

out of phase by between 904and 1350, However since the

pitch always lags the heave by this amount, the vertical

motions a~re additive.' and thus Eqoation 11-15 is a very good

approximation of the ma~ximnum abrnolute ce1lection wthen 6#

in. daterminod in this manner. The harmcordc motiPn at thi

point x can be eassumeo3 very nearly equal to

ox a x*1 o 4ýt

wit~h 2 doterinined by Eq. 11-16 and with 6 *coicu&1ated

as in Eq,. 11-17 for the particular point 1571 ahead of the

11-13
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cg, for a sea state spectrum based on a..significant
wave height h/3 = 30 and a ship forward velocity of 25

knots.

The final problem, which must be solved in order to

make the ship motions data useful in an investigation such
as this, is the selection of a realistic value for

The procedure which has been used is to set the value of

the encounter frequency equal to the ratio of the integrals

of the amplitude and velocity response spectra in heave.

(The difference in this value and the corresponding value

for the pitch spectra is always very small, never greater

than 0.02 rad/sec,) In effect, this is the ratio of the

total energy of the response spectrum and the first iroment

of that spectrum, or

f WJSR(w) dw e
W 11-19

fS (W)d0 R e e
(It makes no difference, incidentally, whether the sea

spectrum Sa and the FNO are computed ior wave frequencie#,

O, or encounitor frequencies, •"." That is to say the

same values result when the sea spectrum Sa (w) and RAO,

MO , are transf-.)rmed soparately into the encounter fre-

quency plane, and then multiplied, Rs(w to give

•.tt, ship r•spo>nse sLee m SR (eý as when the responzo

spectrum S (C) transforms into the samo plane without

prior shiftAi of Lhe componeit curves.)

...........



Eq. 11-19 gives the value of a weighted average

where the weights are the squared amplitudes of the ship

response associat!d with that particular frequency. Since

the SR curve does not by nature possess multiple maxima,

Eq. I1-19 compute:; a weighted value associated with the

wave components (wave lengths) to which the ship can

respond and to wave heights in the sea spectrum, se ,

which possess significant energy content to excite the ship.

Since wave length and wave height are independent, this

is the only feasible way of associating these values.

It is important to note that we is not necessarily the

most probable value. For example, if the ship response

curve is flat through a range of frequencies, thus

dSR (We)
-------- = eI - •e - e2

dw~ 21de

then the value computed by Eq. 11-19 will be between

Sand w not necessarily midway between. In this
0'1 e2case, very small changes in the &mplitudes of Ss(Ne)

and R(,e) , while not affecting thu value of

approciably, are sufficient to effect the value of

Sw 0to the extent that it may have any value betveen-. usig

W anJ Since the total value of E has not been
signficantly changed, all values of w in the range

II-16



We to W are nearly equally probable. Fortunately,

the average ship acts like a narrow band filter and

responds only to a narrow range of wave lengths approximately

the same length as the ship (i.e. LWL + 0.25 LWL). Since

the period of most ship motions of interest in this study

(say 10 - 15 seconds) is long in comparison to most

motions of interest in the aircraft (1 - 5 seconds) th-2

value of we is not critical. This observation is further

supported since Eq. 11-19 assures us that the value comrputed

lies in the range of nearly equal probability.

The values used in thiis study for a 30' wave con-

dition, 630' ship moving at 25 knots inato head seas were:

heave amplitude 18.035

velocity amplitude = 12.320

ep = 0.679

or sit-ce wave length A - 203/( 2

X S 44u' - 0.70 x LWL

Additional roeults are shon in Tablo 11-4.

II i'
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TABLE 11-4 SHIP CASE

I I

V SHIP VELOCITY, KNOTS 25 25

n3, MAX. HEAVE AMPLITUDE(I), FT 18.035 11.207

n5' MAX. PITCH AMPLITUDE'I, DEG 5.492 3.162

S•e' ,NOIN DIMENSIONAL ENCOUNTER

FREQ. (2) 3.45 3.45

6', PHASE ANGLE OF PITCH WITH

RESPECT TO HEAVE, RAD .698 1.357

xis ) COORDINATES OF SHIP
z• CG AT t = 0

XiLRCOORDINATES OF LANDING

LR!. FT (3) (3)

h1/3 SIGNIFICANT WAVE HEIGHT, FT 30 20

SS SEA STATE 7 6

(1) Significant (i.e., average of one-third highest)
values. In the proqram#, the parameter is the ratio
of the *amnlitudeq n to 1/2 tho "height" hthvs 18.0 53/151.21.

(2) P 9'L/ whcre L is the ship length.

(3) Thre;' locations were atudiod V midships and 1 100'
*tfrm .id.;hipa, all 26.S' above W.L.

) .--.



Ill. AIRCRAFT MOTIONS

As is well known, the equations of motion for an air-

craft can be written in a variety of forms, each form more

suitable to the solution of a specific problem (such as

stability, response to gusts, control. response, or automatic

contrcl design), and each form subject to advantages and

limitations. In the past, most stability and control work

has been accomplished with the linearized equations of

small disturbance theory. (Reference 4, section 4-14)

Since the stability of the aircraft being studied

has already been demonstrated, stability for normal flight

conditions is not a primary consideration.Thus, the force

and moment equations themselves are used in this study.

The principal advantages in using the force and moment . )

equations lies in the ability to handle (a) large angular

displacements (e.g- greater than 100), (b) non-linear ground

and air reactions, and (c) the coupling reactions between

longitudinal and lateral forces.

Finally, the computer has removod most of the practical

difficulties in the solution of the governing non-linear

coupled equations.

The generalized equations of motion of an aircraft,

which are used in this siuiulation, are given in Appendix U.

These equations are identical to the equationv presented

in Reforence 4, Section 4, except for the addition of the

force and moment oquation for the landing gear. They aro

III-I
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o generalized in the sense that they apply to a configuration

consisting of any combination of the following components:

(a) Sitigle rotor

(b) Two rotors in tandem rotor configuration

(c) Fuselage

(d) Horizontal tail

(e) Vertical tail

(f) Tail rotor

(g) Propellers or jet engine

(h) Lift engine or deflectable thrust

(i) Wings

(j) Various stabilization devices

For the present simulation, which is limited to the

J pitch plane, the governing equations of motion are;

The X-F(zce Equation:

X = (X) .÷+(X) +(X)w+(X)T (X) +(X) +
A-1-

n w
? 0-'W sine -~ +iw-

where

.F F

PISF INSf si(c-c r) -D yoU 034rrs LM.(X) •, 5 t LsNfn (,-rcrs•-)usCOa (""tus) + C

(X)v .- lin(a-rw)-Dwc•s(n-cw)

lT T TT

M (a~~xn (c-C.

VT V1 -2



(XTR DTRco TR

TX - Cosi -N sin ipi p pp

The Z-Furce Equation:.

Z (Zp) + (Z) FUuc.+(Z) +(Z )+(Z)vT+(Z) +

n W111-2
Ej (Z) +W cosO)- L(;j-bu)=O

where

(Z)F -Drsin(ac~-~ + L cos(iAc~~

(Z) FUE -DpUS sin(a c FUS LFUscos ac FUS)

(Z) DWsin(a-cW) + Lý,cos(ac~)

(Z D sin(acI~T + Lcos(act~r

(Z) -D sin(a-cTR ~TR T

(Zs) -T sin i + N Cos ip p p ' p p

ToPitc~ing "Momer~t Equationt
n 1

M M)~ E X) + (M 0  + 1 7
i~~~1 141

and

MX) (z (X- t) (2) + 3
F T

4, M Z



TABLE 111-1

SIG CONVENTIO

POS ITIVE

x FmD

z DOWN

NOSE UP

FWD

z DOWN

e ~NOSE UP?

pos. nose up (ow rotation from wind
vector to x-axis)

pos. if L.E swash p1dte is down

UP

41; pos. if increases locxal ct

x FWD of CG. (in pw.i x-directioii)

VE.Lw C, (i Po Z-4recion

z{

Forvv an as hownin Fgur



X ' -j -T -

-E-

ZIIN

Ch "



where the notatiar ij given in Figure IlI-i and 4.pendix

B. The sign conventions are given in Figure III-1 and

Table Ill-1. Assuming that the external forces and moments

are known, these equations represent three equations in the

three unknowns u, w, and 0 and can thus, in principle, be

solved. In the present simulation this is accomplished

nimerically using a fourth-order Runge Kutta integration

scheme.

The methý,d of determining the forces and moments of

the governing equations for the particular aircraft considered

in this simulation, the CH-53D, is given below. Further

information applicable to the CH-530 aircraft is given in

Appendix C. These methods are considered in the following

order-.

Landing Gear Forces

Rotoe Forces, Angl' of Attack, and Xngine Poer

Potcr Hub Moment-

fuselage Forces and Maman

P 'Ail Vorcev and Wmarnnta

Aut=.Atic flight Control system~ (Arcs)

Zhe Ground tfiect

1l~Anding G40ar F"ON~

1l) Pn=4tic Chock trltv Inotho-ml compression is

&SSwUo4, Maxizu1% ittrokt on both jvr is 12". in tho

followil• foraulo, atzoko ia Oeasurtd frop tr fully

1.

I



c-mpress2A Position. The stroke vs. pressure charac-

-. .teristics (Ret. 7-9) for the landing gears are as

follows:
PRESSURE ,psi

STROKF ?1AIN NOSE

STATIC 2" 850

67s EXT 8"365

EXTENDED 12"t 187 275

Nose Gear Determine cylinder length:

e(L+ 4)

365 L 275 (L~ + 4)

L -12.22" fromr 67% EXT.

,()

Preosure, fully compressed

P CL C P eLe

275 x 16.22 1060 Psi

Lead at any stroke

I.CIAL*S +Lc

*1060 x 4122 x 19.4"6

... STT2 PC STRU8T

,U--

%3200 TOTAL (2 STRUTS)

111-7



MAIN GEAR Determine cylinder length"

Ps Lt=Pe (C +1)

850 L - 187 (L + 10)

L - 2.825 from static

= .825 from compressed.

Pressure, fully compressed

P850 x 2.825 2915 psi

Load at any stroke

LOAD =PA= 4CA. 2915 x .825 x 19.36S+ Lc S + 0.825

46500- 465.005 PER STRUT

93000 ITI-5
S+0.825 TOTAL (2 STRUTS)

In the simulation model all forces in the lateral plane

are assumed to be zero, hence the load equations for both

nose and main gear are multiplied by 2 to give total load.

(2) Damping Damping is provided by the restriction of

the flow of oil through an orifice with a sharp edged entrance

on the lower side, and a rounded entrance (radius .,78 x plate

thickness) on the uppor side. Damping is in bot•h directions,

adding to the pneumatic forte as the strut is compreused and

subtracting as it extends.

The properties of the 4il "sd in the shock strut are not

known end no information cncarning damping characteristic

of the shoo. strut is given in the reports listed among the

I



references. For the purposes of this study, it was assumed that

the oil had the following properties (at 600F)

=500 centipoises (absolute viscosity)*

S = .88 (specific gravity)

2Thus p = .85 x 62.4 =55 i/ft

= 500 x 2.09 x 10- 5 '0-2 slugs/ft-sec

R = Reynolds number

where d)= orifice d~iameter

V velocity through orifice

d,-4.122"'

'In terms of piston speed V'

R454~2~14-12.2)5 )

v is the compression or extension rate of the shock struat

and is equal. to the sink or rebound rate (in ft/sec) of
0~

the aircraft. values of V for which the damping force is

significant (say more than 1/10th the air compreavion force)

* 7are above one foot per second, hence the Reynold~s number in

all cases of interest is above 10 in the range 10'R

the discharga coufficio~nt C for a diameter ratio d /81  .75/4.122m

0.19 is approxim~ately conastant and equal Wo06(e ~.1)

Solving the standard flow *.;uatiorn

for dam~ping force (D.F.) M APX A fpsi X In~ )
C

111-9



i 0i

in terms of q - VcAc (in/sec x in

where V is the piston or stroke velocity, in/sec• for C m 0.60

and p - 55 #/ft 3 = .032 #/in 3

pA (Ac) 2
D.F = p Ac 12gc v2

2 x 386. x 0.602

.62 4.122 2

062x30.2 = 067 2 (v in in/see)

= 9.65 V 2  (Vc in ft/sec)

- 10 V 2

* There is no mention of a metering pin in the available

literature, except obliquely in Ref. S. However, this

extremely low value of the damping factor indicates that one

* must be present. In terms of the ratio r., of the metering

pin diameter, dm to the oriftce diameter, d , the damping

n, factor can be written as:

S41. - 10 r2 V
m C

•, •CD V2
Dc

dMwhere CD is the damping constant ant rn

For practical values of rmn CD has the following values;

.9 52.7
P95 100

.975 200

.985 360

""III-1o



For a metering pin diameter d 0.950 d the clearance in
mn

the orifice hole between the sides of the pin and the orifice

edge is(1/2)(.050) (.75) = (.0250) (.75) .01875", which is

slightly larger than 1/64". In the simulation, the damping

constant (CD) was chosen to correspond to 100. Thus, for

a sink (or rebound) speed of 10 fps, the damping force is

D.P. 100 x 100 = 10000# (or -10,000C).

Both the viscosity and density of the oil are functions

of the temperatures. The variations in viscosity should have no

effect. Althoughthe variation is quite large, viscosity effects

only the Reynolds number, which in turn effects the orifice

coefficient C. But in the range of interest, C is a constant.

Density is less affected by temperature, there being a drop

of pe-haps 10% as the temperature charges from 0 to 1006F,

and in view of the other uncertainties of the damping force

calculation, this can be ignored.

Usually, metering pins taper from the base to a •Oint

near the end where the pin flares into some sort of a bulb,

so that maximum orifice cnnstriction occurs at Aither end

of the stroke. This variation was ignored.

Thus, for the present simulation, the dtmping force

is assumed to be givpn by the expression%

DF. 100 V2 111-7-- C

The plus siqn applies when the strut if, extending, sincv

the da•~ins for.e is downward.
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(3) Tire Forces In the interest of simplicity, tire

forces are not included in this version of the simulation.

The inclusion of the tire would add a degree of freedom to

each landing gear. This assumption can be justified by

noting that th" work done by the tire is small in comparison

to the work done by the :shock strut. Further, the work done

by the tire has a strong effect on the dynamics of the air-

craft. Since the unsprung mass begins moving at a somewhat

later time, the real effect on landing gear forces, as far

K! fi as the aircraft is concerned, is to delay the build-up of

forces during the landing. However, the overall effect is

small in cases where the unsprung mass is small and hence can

be ignored.

111-2 Rotor Forces, AMg1e of Attack a..d Engine Power

Assuming that the thrust is known, the following

parameters can be determined:

(a) Thrust coefficient CT

(b) Collectivi pitch .7 and X\ for minimum profile drag

(c) Torque coeUficient C and Torque QR required

(d) Power required P

(e) Power ratio (PR) - required-to-available

(M) Rotor angle of attach a€

(g) 8 Force

(h) Rotor lift and drat.

X 11-12
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The computations are accomplished in the following order: (i)
a) Thrust coefficient

CT =W (TR/W)

•" : rR2 (OR)2

b) Collective pitch setting for minimum torque

If Eqs. 72 and 74 of RXeference 13 are added$ the

resulting expression is t•ie net torque at the rotor

shaft and has the form:

C 12 + K2  a + K Ao + K4X 2 + K + K 111-9
1 0o 20 3 0 4 5 6

where the coefficients Ki are lengthy expressions which

are defined in sub-section 3. Eq. 69 of Ref. 12 gives

the thrust coefficient in terms of X and 0 0i0

T=t X+ t3 20 + t 3  (e + t 111I• •Toa = 3,1k ÷3,2o 0 t3,3 (0 +t) III-10 •I•..
(a

0 0 is the blade pitch at the root (collective pitch) and

0 is the blade twist. Since CT, is known, Eq. 111-10t&

may be solved for ) which may be substituted in 111-9.

Th.'.s yields a quadratic in o00 Taking the first

derivative and sotting it equal to tero gives,

D 
M1

where D 4 2 + t4,3 - -(ts,6 + tST7l I (ts,3 + tn s41

S (2t 4 ," 519 0 t + 2(Vat 4 ,6 - •t, 1 0 ) 111-12

anJ a - 2 6 (t .8 + ts + 1 - 2 6 (t 4 t 4,9 t.4O) 414 4,5 46

121-13

111-13



In these expressions

tij are the Bailey coefficients, Ref. 13

6i are the coofficients in the section drag equation
Cd =6 +o 8 + 6 2a (Ref. 4- 12)
or 2r

a is the slope of the section lift curve

and 6 is the blade twist.

Since the second derivative of C is positive for a given
Q

value of CTI Eq. III-llgives the value of 8o for minimum torque.

With this value of 80, Eq. III-jo may be solved for X.

qL Torque coefficient CQ

The torque coefficient may be calculated by means of Eq. 111-9

using the values of 80 obtained from Eq. III-l, and X from III-10.

The coefficients of 111-9 are

K.(t -at )+(6 t -at )+.4 t2 58- 4,4(2t5,9-a4,5+2 5,10

K ~t + ~t + (6 t -at )a +2at
2 1•5,3 1 5,4 2t5,9-4,5)t 4,6.

K3 (d2 t 5 , 6-at 4 , 2) + (5 2 t 5 , 7 -at 4 , 3) III-9a

1K4 (d2 t 5 s 5-at 4 ,I)

K5 61 t 5 ,2 + (6 2t 5 7-at 4 3 )Q0
6 0 5t1 + tS 4 t + 62 t,02

K +d +

Torque is given by the expression

O CQ R (fR)2 R) 111-14

d) Power required P shp. III-15

Maximum, power for the CH-53D# a function of tamperatur* (*C),

i•ie taken from Figures 4.5 and 4.6 in-Ro.t. 6.

P MX 6422 shp t 1C 1C

a 6858 - 29.1t IS'C>t>)S9C * 100 Nf

"5140 t > 594 C 111-16
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e) The rotor angle of attack (

Eq. 70 of Ref. 12 yields:

CT
aC =arc tan + 12-121+-2T1/2 111-17

f) The H Force The profile drag-lift ratio is

expressed as

L _U a t6,1 + j kt6,2ý +6,3'.75)
i ;62 52 2

a (t 6 , t6e 6  +75 t 6 , 8 075

It is also equal tc

H Cos a0 - T sin a(p T cos a - H sin a

Thus -T(Sin c + ! Cos 010H L III-is
Cos ( + D sin

C C

g) Rotor lift and drac The rotor lift a~d 4rag:

L. - T cos ac -H in a c11-19

D H Cos c T sin a% 111-20

111-3 The Rotor HIub Moment

The moment d-e to flapping hinge offset is given in

oftf 5 (P. 49tl as

1 is-
& 'a-15



The term a1 is the backward tilt in flapping and is

/ given by the expression (Eq. 65, Ref. 12)

a- t1 4 X + t1  0 + t 68 t t1 X + 0

In most forward flight conditions < Bj*where B is th

forward cyclic, so the first term is negative, pitching nose

down. The term K is the hub pitch constant, ft-lbs/deg:

K=eb~q2Ms
eb2

The second term adds to the first if bf is negative (pitching

Snse down), but the whole term is usually small and can be

ignored. Thus the hub moment is

•i ~~~e2 • a )Mz

SMs 184

•22

2 x 6 x i2 x 184
Thus MH . ... =. . . . (al B S)Z - 3

'"5.35 xl05 (a - B21)

The value of a. -a may be as high as -3* so Mn might be
± IsH

about-2SO0Oft-1ks. ZCA •ha CH-S3U.

111-4 _uselage Forces am Moments

The equations for fuselage lift, ,trag and pitching

momont art based on wind tunnel data for the CH-53D pr*,tntod

in Refs. 10 and 11, and ahown graphically in Ref. S. A

111-16



polynomial was fitted to the data for th-e range of fuselage

"angle of attack from -lE@ to +160. The resulting equations

are

LIFT LF/q =15.0 + 487 F 111-24

DRAG DF/q = 41.696 - 11.45 aF

+ 8.423 a2  -25
FOR THE RANGE -20 aF + 200

FF F

MOMENT M1/q = -'.$0 -20 < a? < -12 111-26

MF/q= 58.8 a -12- a + 16

MF/q 1000 +16 - aF - + 20 111-28

The lift data is for fuselage and tail. The tail incidence

equals 3*. The drag data is for the complete aircraft, in-

cluding rotor head, antenna, cooling losses, etc. The moment

data is for the complete aircraft, minus the tail. The full-

scale data shown in Ref. 5 has been transferred to a c.g.

at station 386 and a waterline station of 161.4.

111-5 Tail Forces and Moments

The horizontal tail lift coefficient is
111-29.1

C ma

where the angle of attack YS
111-29.2

T ~f P

and a is the zero lift 4-ngle. The 'iope of the lift curve

a-C is

I + + i
0 11-17
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where a0 is the lift curve slope for the airfoil section

Uand is taken to equal 5.73. For ani aspect ratio equal to

2.5, a 2.88/RAD or 0.05/DEG.

OT the angle of attack of the taiU is equal to

the fuselage pitch angle 6f, the tail plane incidence angle

SiT' the downwash interference angle cT and an additional

angle of attack change produced by the fuselage pitching

motion and equal to

S6v

where 47 is the distance of the tail to the c.g. The angle
XT

C is discussed in the next section.

C C
SC~~MT XT , LTI-2.

Tail drag is a part of fuselage drag and included in

Equation 111-25,

111-4 Iterfeorence 'fje

Thoe ,eneraize. equations of motion contain the
dowinwah Interference Anglea'

C) Se~or 0 fuse.1 9t11-3

(2) C T r ,rOn t-il11-31

whictw 4kppy in this.i a as wei.A a3 soeral ath.rs (tr,

R# Ew v*od Wiaii do not Apply. T'he ulS

tI.-Is

S. . . . . .. '
"I• " .. • . . :z•.::.,•";''k• • • • •



Some consideration was given to the use of the formula

CTi=KFT [•anuc IT

where is a function of the rotor wake angleKFTanl

x = a1 + Tan

The functional relationship is shown in Ref. 4, Section 5,

Figure 1. For a range of x from 400 to 80,, KFR (and KFT)

ranges from 0.37 to 1.46. Since no information was availa-

ble on the wake angle x for the flight conditions of interest,

it was decided to defer this question.

I1I-7 Automatic Flight Control System (AFCS)

The simulation model of the AFCS is mathematically

identical, except in one minor respect, to the A'CS install..d

in the CH-53D aircraft. The exception is due to the finite
difference nature of the AFCS simulation which delays th.

feedback one tive step. The pitch transfer function of the

AFCS feedback !ocp is derived as follows:
Ils A Kf + Kpf

where PlA is the cyclic pitch of the awash plate

is the pitch angle of the fusolage and K an dp

are the rate and proportional -ins. Tho transfer Oiunation As

S(-TS '1. l)

where T Tho. T feotftck gains for opti=W porformo ce*

ha%* boon .1grived in Referernce 5, for th:- .ircraft systm

AMcl-1a



The question of time delay referred to above is of

interest. It the AFCS simulation were described by con-

tinuous (analytic) differential equations, the time delay

could be represented by the transfer function et and its

effect could be readily determined by the various techniques

of control system analysis, say by a Nyquist plot. However,

when the AFCS simulation employs difference equations, the

control feedback is delayed, i.e.,

( (f) + e)"•t-tn + T t tn P
n nL

and the value of B18  is calcalated from the values of

and 6f a4 the previous time step.

* -Figure 1.1-2 shows the effect of step size. The curves

trace the motion in the :-z plane. At the end of seven

intervals (0.4 seconds) the coordinates are%

.010 SO 20 1.85

336 .70 3.00

S168 1.02 3.39

.100' 4 2.30 4.10

A150 60 4.90 6,90

*curves not ahuwn io fijuo xn-2,l

M-I20
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It can be seen from the results above and from Figure

111-2 that the error due to the finite difference representa-

tion of the AFCS is not large if the step size is less than

.050, for the hover conditions onIy. Conservatively assuming

that all the differences in Figure 111-2 were due to the

delayed feedback error, then the error incurred in increasing

the step size from .010 to .025 would be

-. /(.70--20)2 + (3.85-3.(O, 2  .987"A 336 336

= .00294

2which is less than h but greater than h2. It can be shown

by the examination of a simplified version of the equations

of motion that the delayed feedback error is of order N4 but
• Nh2,

not Nh where N is a positive number which is a function

of the x force.

111-8 The Ground Effect

Figure 111-3 shows the variation of the ground effect

S~parameter

paaetrA rotor thrust in ground effect

rotor thrust out of ground effect
as a fujiction of the ratio Z/1R

2 distance of rýWfor head above ground

SR :.otor radius

in torms of the r.•tic V/U0

V fo)-ward pec'A (-U)

U T induced velocity in hover

V tip lost factor a 0.97

• . . . .- -
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For T =W 33500

33500 \ 1/2
u 2w) (0.00238) (36)2(0.97)2

= 76.7 fps

Since the launch/recovery operations are limited to an initial

or terminal speed of about 25 knots ship velocity and 45

knots wind velocity (the maximum allowed for CH-53D wind-up)

V 70 knots at take-off

118 fps.

and V/U 0  1.55.

The parameter A gives the reduction in thrust due to

ground effect. Ground effect will alter each of the variables

computed above, since the effective thrust is rediced. Since

the LARC-I calculation begins with a value of thrust (in

terms of TR/W), and this value ir multiplied by A (as a

function of F/UO), then the values for CT, CQO, o C•

H, LF and D. all include the ground effect. However, it should

be notoed that the unbalanced moment due to a rotor being only

partially in the ground effect, as when the rotor oxtends over

the edge of the deck, is not included.
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IV. GENERAL DESCRIPTION OF THE LARC-I SIMULATION

The LARC-I (LAunch and Recovery Capability) simulation

provides the necessary coupling between the motions of the

ship, discussed in Section II, and the aircraft motions,

discussed in Section III. The motions of the ship are con-

fined to the x-z plane (i.e., to heave, pitch and longi-

tudinal velocity) and those of the aircraft to longitudinal

and vertical velocity and to pitching about the aircraft

center of gravity.

Physical interaction of the ship and the aircraft occurs

only through the landing gear forces and moment:

ZLG (FLG + FLG1)

XLG = brake force = + 1 F ZLG

MLG =FLG XLG +,G XLH
N N N N

0 (U coefficient of friction, usually 0.3)

FLG and FLG are, respectively, functions of SN and SM, the

extension or stroke of the nose and main landing gear shock

strut cylinders which are in turn functions of the relative

aircraft and ship positions. The equations for stroke

are shown in Appendix C, page C-I. It is only in these

equations, in the torms Z (vertical position of the ship
1LP

two aircraft launch/landing points) and Zi (velocity of
SLP

the same points) that the ship motion interacts with the

aircraft and the interaction through the landing gear forces

XV-i



* persists only as long as the aircraft is in contact with

the deck.

The variables and are in turn harmcni,
SLP LP

functions of time which include the coupled heaving and

pitching of the ship in response to waves of a random sea.

The sea state is, in this simulation, characterized by

a single parameter, the significant wave height h1 / 3 which

may take values (crest to trough) of up to 100 feet in sea

state 9 conditions.

Further coupling between the ship and the aircraft

occurs indirectly through their relative motions. Since

both the ship and aircraft motions are referred to a body axis

system it is necessary to refer thie motion of each vehicle

to known fixed inertial axes (see Figure IV-l) in order

to obtain the rel.ative motion between the vehicles. The

nzcersary transformation equations are given in Appendix a.

IV-1 Structure of the LARC-I Simulation Program

Figure IV-2 is a simplified block diagram of the

LARC-I simtulaton program. The simulation may be described

as a fixcd control non-steady staL-c model. Each computer

rui uimulates a scqment of length T (seconds) during which

the program comput*is the motion at N T

instants (AT is the time step) during which 'll input

variablos including the controls remain fixed. If all air-

craft initial inptit coodinate constants (x.x ,Z ,z2 to 1!• t)
0 0 000 0
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are set to zero, the aircraft is placed on the deck at a

distance/a from the ship's center of gravity.
LP

The sequence of operations for the simulation which

uses a fourth-order Runge Kutta scheme to numerically inte-.

grate the equations of motion is shown in Figure IV-2. At

each time instant Ti the force and moment modules (2), (3)

and (7) compute the forces and moments based on the attitude

and velocity of the aircraft at the end of the previous

time step, Ti-At, and, if the aircraft is in contact with

the deck, the position and velocity of the ship, block (7).

At each time Ti, a value of B. is calculated at block 9
S

based on the value of and 8 at the previous time T -AT.
1f f1

If the thrust/weight parameter (T/W) is greater than

7. one, the aircraft will ascend, if less than one, the aircraft

will descend. The thrust may be delayed DB seconds by assign-

ing a value to the delay parnmeter DD. This allows the take-

off sequence to start at some specified point in the ship

motion cycle. Experience has shown that the parameter DB

is less important in the landing sequence. Also, the thrust

may be specified to incre&so linearly from zero Lo (T/W)W

pounds in Ds a conds for use primar'ly in the take-off

a5qu-L C

The initial longitudinal cyclic. 8* may be spaci ted.

However, the Automatic Flight Control SyStem will contiiiuously

vary S accordinj to the •qtutimn

IV-5



SK + X p (6f- t

where Kp is the proportional gain, KR the rate gain, 68f

the fuselage pitch angle, and B,- is the swash plate tiltkS
angle relative to the rotor shaft. The effect of assigning

a value to B.C may reduce the magnitude of a transcient
S

motion, since otherwise B• is assumed zero.
S

The trim pitch angle is the fuselage pitch corresponding

to near equilibrium conditions at a thrust equal to (T/W)W

and for all other values of the initial conditions. For a

given gross weight and c.g. positione t is a function of

forward velocity. If t is not known for a given velocity,

it may be found by a trial and error procedure. Since the

LARC proqram outputs all forces as functions of time, the

trim angle for a given speed may be ea-sily approximated using

the data from a few runs. Although t-im pitch is specified,

the aircraft in the simulation is rarely, if ever, in - -4ate

of trim, or steady state flight, although the changes about

the trim value will not be large. The thrust program is shown

in blhck 4. The integr.atior. scheme is shown in block 8. The

dashed block 11 refers to the model for gusts or turbulence,

which, although very simple, was not includend in the present

version of tho simulation.

XV-2 Operation of the LARC-I Prograh

Tho following remarks are intended to illustrate the

operation of the simulation. They are not intended to
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serve as a user manual. Operation of the program is quite
K)

simple. A user with no prior knowledge of the program itself,

or prior background in programming, can make full independent

use of the program after only very brief instructions.

The program is designed for interactive operation on

a time-shared computer using a remote terminal. The user

communicates by means of the terminal keyboard. The program

response is by terminal print-out �r graphic display. Equip-

merit used in this proj�ct was a Honeywell H-1648 time-shared

computer, accessed by various remote terminals such as

Tektronix 4010 and Typagraph 3 and DP-30.

The I.ARC-I program written almost entirely in FORTRAN

IV, is essentially machine-independent. Certain output,

plotting and file processing routines which are required by (3

the particular interactive graphics terminal (Tektronix 4010)

are fe�.ures of the H-l&48 time-shared operating system.

Since these fe�itures are common to most time-shared systems,

operation of the program or computer systems other than the

H-1648 can be accomplished with relatively small changes in

the coding. M.�chine ir�epcndency wa� a tn�jor goal of this

p�OjoCt.

All processing on the tim�-ahared system is done using

files which contain pro��ivJ or dataz each �i1o is croated

independently. The files are ac .!s�ud by reference to file

n�tno, eithet intornafly in tM piogram or by means of an

interactive command. �ata files may *e created in thnir

lV- 7
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entirety, may be searched for specific elements, or may be

changed by altering specified elements or groups of elements. 1
Subsequent to the cre~ation of the data files referred

to below, and to the compilation of the LARC-l prog~cam, I
the sequence of interactive c-uzwnands may appear as follows

(the user replies are underlined):-

TYPE AIRCRAFT TYPE CH53

j ~The user response loads a file entitled "CH53", contai~ning

any data file which he has previously created, each repre-

senting a particular a.4.rcraft configuration. Elemnents of

5 this file may not be altered during run time.

**D

The user response loads thc parameter file DEUALT. The

valus ofthis file may be changed during rurn-time in the

manner described below

The Qser rep'-r'cý "I" .for INPUT1, signals~ the irit--nationr of

chngi ng valtit. io the parawotEer f~t DBFLýi thi ro

prior to ruvn-tir

PAIRKICU CME YEFS OF, NO *0

It the user ropoax ix . %4.~ho pararwtr cvwis are pri~tod

at nTýe V1 ,iot ý4jtjq ;kr0tb

'isodin th ii td I.A, w



The user has assigned a value 0.05 to parameter 21 (the

run-time). The user may assign values to any or all of the

parameters listed in Table IV-1 in any desired order.

INPUT CODE AND VALUE 25

This response is required to terminate the input sequence

following the comrand "I" and return the program to the

command mode.

S** T

The user response is "T" for take-off but may be "L" for

landing. This initiates the computational sequence which

continues uninter':upted for N T/AT steps. Both T (run-

time) and AT (time step interval) are parameters and may

be altered for each run.

In the present version, the user may command output in

tabular for., '"P" or graphical form, "G".

K"M MANY CUR~VES (1 3) C3

r !~~. - CUMV •*

2. CURVE # ** 2

-CURVE 1 10

Norc the uor specifaics the curve,- to bt printed or dis-

pl.iyed qr &hicirtlly in any dt,.ircd order, in groups of ore

to throo curvei. A,'P!d4A A CC'0*_ikn# V~dMIt1S Of the print*oC

output. Tkbo 1,-2 lists the output paramatera whien may

Ln- pri- 6 on *OiN.nd.L Tho 29 files are loa~dd in their

mt•.iroty o40 tin- th,, pr~qr~w oxecutea through the coputaktion



Sii sequence. The user may limit, the output in any desired manner

7 Kby spacifying from I to 30 curves in groups of one to three.

After the output of each group, the program will print the

command signal "*" at which time the user may respond

with:

P or G continuing the output sequences as described above

D initiating another run in which parameter

changes may be made as described above.

Other commands which might be made are:

N for NEW CASE which re-initiates the input

cycle from th,, beginning. The program response

to this is:

TYPE Al.RCRAFT TYPE

all"'ing the user to load the file pcrtaining

to another configurat. x tuodelI of th, ,xme

aircraft, or a differeat aircraft.

Is for LANDING which so~ts certain program switches

pertinent to the l.ndiung calculation.

E for ELD which st.cpys exctitimi.

Rvqard)!bs of the number of steps N T/A'T, the progrAm

stores only -0 valuos. All 50 valh-s *re usod in graphing

6the v riablos #h,,n .n Table !V-2. but only ZS valas ara

.'s doii more accurate r ution, he

U ft T/T by &h rt~rAf,4 thin run tt T. *4 mtust cquiil Ma

1le'st 50,

IV- 10



.. . . . . . .

Individual runs may be continuations of a prior run.

Table IV-3 and Figure IV-3 illu~tratce; the procedure. The

values in Table IV-3 for case I are taken from Appendix A,

Series II, case 1. The run time Zor this case was 15

seconds. The analyst chose to change thrust and fuselage

trim at t = 9.6 seconds. The initial conditons for case 1.1

are those which prevailed at t = 9..6 in case 1, plus the

control changes. This piocedure may be repeated any

number of times to compute the flight path of a maneuver,

during each segment of which t-he controls are fixed.

-v-U



. jTABLE JV-1

PAR24ETER CODES

AIRCRAFT INITIAL CONDITIONS

1. A/C INERTIAL'X POSITION (X)

2. A/C INERTIAL Z POSITION (Z)

3. A/C PITCH RATE (6)

4. A/C PITCH ATTITUDE (0)

S. A/C VELOCITY X DIRECTION-BODY AXCS (U)

6. A/C VELOCITY - Z DIRECTION-BODY AXES (w)

AIRCRAFT CONTROLS

7. THRUST TO WEIGHT RATXO (T/W)

8. CYCLIC PITCH-LONGITUDINAT ,

9. FUSELAGE PITCH TRIM ANGLE T

SHIP MOTIONS

10. SHIP HEAVE AMPLITUDE (ni)
3

11. SHIP PITCH AMPLITUDE )

12. SHIP ENCOUNTER FREQUEuCY (i

13. PHASE ANGLE - PITCH TO HEAVE (•S

SHIP INITIAL CO••ITTIONS

14. INITIAl SHIP X CG INERTI,•I.

15. INITIAL SHIP Z CG iNERTIAL

16. INITAAL IALRNCll/MCOVZRY PT - X

17. INITIAL LAUNCR/iCOVERY PT - 2

IV-12



TABLE IV-1 (Cont'd)

SHIP VELOCITY (V)
S.

WIND AND SEA STATE CONDITIONS

18. WIND VELOCITY (VH)

19. FIGNIF.tCANT WAVE HEIGHT (h 1/ 3 )

20. INTEGRATION CONSTANTS

21. RUN TIME (T)

22. TIME STEP (AT)

PARAMETER CODES

THRUST TIME CONSTANTS

23. THRUST DELAY TIME (DD)

24. THRUST BUILD-UP TIME (DB)

PROGRAM CODES

25. TIME AT INITIAL STEP (T )

26. CONTINUE

1v-1•



TABLE IV-2

OUTPUT PARAMETER LIST

CURVE CURVE
NUMBER LABEL PARAMETER

1 U A/C A/C FLIGHT VELOCITY BODY AXES

2 W A/C A/C VERTICAL VELOCITY BODY AXES

3 THETA DOT A/C PITCH RATE BODY AXES

4 THETA A/C PITCH ATTITUDE BODY AXES

5 X(I) A/C A/C X POSITION INERTIAL AXES

6 Z(I) A/C A/C Z POSITION INERTIAL AXES

7 XISCG SHIP CG X POSITION INERTIAL AXES

8 ZISCG SHIP CG Z POSITION INERTIAL AXES

9 FWD CP NOSE WHEEL DECK CONTACT POINT INERTIAL AXES

10 AFT CP MAIN WHEEL DECK CONTACT POINT INERTIAL AXES

1.1 FLGN A/C NOSE GEAR LOAL LBS

12 FLGM A/C MAIN GEAR LOAD LBS

13 BIF CYCLIC PITCH-LONGITUDINAL RAD

14 ALPBA POTOR ANGILE OF ATTACK RAD

15 GAMMA CLIMB (OR DESCENT) ANGLE RAD

16 THRUST THRUST LBS

17 ZF ROTOR Z FORCE (BODY AXES) LBS

is XF• ROTOR X FORCE (BODY AXES) LBS

19 ZLG ULANDING GLAR FORCE, LBS

20 XLG LANDING GEAR brAkKE FORCES LBS

21 MWA iANDING PITCU|tNG MOMENT FT-LUS

IV-14



TABLE IV-2 (Cont'd)

CURVE CURVE
NUMBER LABEL PARAMECTER

22 MGL MAIN GEAR STROKE INCHES

23 NGL NOSE GEAR STROKE INCHES

24 LF LIFT ROTOR LBS

25 DF DRAG-ROTOR LBS

26 LFUS LIFT-FUSELAGE LBS

27 DFUS DRAG-FUSELAGE LBS

28 LT LIFT-TAI±L. LBS

29 DT DRAG-TAIL LBS

IV--15
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V. RESULTS

Over 350 ccmputer runs were made, 34 of which are shown

in the tabulations of Appendix A. The principal object of

these runs was to test the program and to gain experience

in its use. Thus, these runs do not necessarily represent

a systematic evaluation of the aircraft/ship compatability

problem. Budget constraints prevented an in-depth parametric

siurvey of all aspects of this problem. In fact, the "ship"

itself is only an approximation, since no detailed and

accurate information was available to model a specific ship

design. However, important conclusions have been drawn

about the effects of ship motions on aircralft control and

stability:

k (1) Even for the most severe ship motions (a wave

height of 30 f'., an encounter frequency of 0.3 rad/sec.,

Series III, Case 11) the CH-53D control margin is adeq~uate

for normal take-off. Fo~r ship encounter frequencies from

0.3 Lo' 0.68 rad/sec., cor~rsponding roughly to periods

of 2.05 to 9.0 suconds, the ship motions airc quite slow

in comparison to the k~lircr~t -it ions. Saries 111, case 4,

repre ntE a &Aevero ship m~otion. In this coseot the ship

is hoaving in a 30-ft. wavc with ar =plitud* of 18.3 feet,

and a pcric~s of 9 seconds. Thie uhip 11. at zelro am~plitude

at. t * o. Thc, maximum aircraft rotor thtu~t is attained

at t a 5 scofi-4 and the aircraft is vff Vie doc Lvy t - 5.0

second~s. Despi~te t~ho large ship ccurs~oý%-, thore is no



excessive build-up in landing gear forces. The aircraft

pitches forward about 3.5 degrees during the first three

seconds, lifting the main gear off the deck. The nose gear

force remains lour, howevor, and vanishes at about t = 5.0

seconds. At no time during this 5-second period does the

pitching acceleration of the aircraft exceed + 0.105 rad/sec.

(2) In all the runs tabulated in Appendix III, take-off

occurý:ed from a rising deck, at a time when the deck upward

velocity was near a maximum. Other runs, monitored visually,

were made for take-off from descending decks, also at

maximum velocity. In no case were large or destabilizing

moments transmitted to the aircraft. Case I of Series III

is typical. Here, the deck is ascending at a rate of

1/2 h 1 / 3  = (15)(.68)2= 7.0 ft/sec at t = 0. It is assumed

that the aircraft is released at t = 0 at a distance of 7.5

inches above the static gear eFxtension. Even so, the maximum

total gear load is only 46500 pot is at t - 0.6 sec. (A/C

gross wcight is 3500 lbs.), and the landing gear pitching

momnent is -104000 in.-lbs. nose down. The pitching velocity

(THETA DOT) rcmrins very low.

(3) Since thi ship pitch amplitude was small (5.492" or

lesja) all runs were mr4e with take-off from a point above

tht ship cvntnr of ýjravit,. 1n tho worzst case, the ship's

pitching motion, loading Ahe heavý. by as littlc as radiarns.

v:tIld add less than 1.3 fot. to the total vertical excurzion

a;. either bow ur stern.

V- 2



by(4) The gains for the AFCS pitch channel were determined

for the C11-53D and agree with the optimum values calculated

bySikorsky (Ref. 5). These values are:

K =.4 rate given
R

K .8 proportional gain
4P

(5) In its present form, the program can be used to

determine gains, stability margins or trim conditions, but

the procedures are not "optimum". Experience has pointed

out changes which can be made to effect rapid convergenge

to optimum values by use of a~aptive methods. Once optimtum

gains and trimt conditions are identified, stability margins

can be readily identified by an analysis of the motion.

(6) Although roll and Yew are suppressed in this model,

the simulation yivlds considerable data which provides in-

sight into the roll behavior. The significant variations

in A (the inflow ratio) anda Bi (the longituO.i.a~l cyclic)

at freq~uencies in the neighborhood of 21 to I rad/vicc., be-

causec of the offect on side forcce, could ir~ecritical

coupling for shin P~otions in the samoe frnquency rango, The

cou in L;pIr fcctr- attxm friotm thc prosuici' o" in tho vide,

force vqciuitjon and in Ulio third, harion~ic flkapjin7 to.". b,.
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APPENDIX A

SELECTZL) RESULTS OF
COMPUTER RUNS



"PRINT-OUT LABELS A11) UNITS

C; TIME ELAPSED TItlE SECS.

U A/C VELOCITY IN X DIRE.CTION FT/SEC.

W A/C VELOCITY IN Z DIRECTION FT/SEC

THETA DOT PITCIXG VELOCITY RAD/SEC

THETA PITCH ATTITUDE RAD.

X(I) A/C X POSITION, A/C C.G. FT

Z(I) A/C Z POSITION, A/C C.G. FT

Z(l) S CG. Z POSITION, SUIP C.G. FT

Z FWD CP Z POSITION FORWARD FT

LANDING CZAR

CONTACT POINT

2 AFT CZ 2 POSITION APT FT

LkAODING CEAR

CONTAC g POINT

NQ'L& GEAT, NOSE CFAR LOAD LBS
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SERIES II NO WAVE MOTION

CASE THRUST e K K
t R P

1 33600 -.014 .4 .8 *
2 33650 -.014 .4 .8

3 33650 -.0223 .2 .4

4 337100 -.035 .4 .8

5 33750 -.032 .4 .8-

6 33750 -.0215 .4 .8

9 33800 -.02-75 .4 .8

10 32"800 -.0198 .4 .8

11 33800 -.0205 .4 .8

14 33850 -.0190 A a

3.5 33850 -.0192 .4 .6

16 33850 -.0200 .3 .
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SERIES III

CASE -.LCHUST SWIf 0 p i T

3- SzCO 30 -. 022 940 .68 0

2 33650 10 -. 0205 40 .15 5

3 33600 30 -. 013 40 .68 5 (1)

4 33650 30 -. 019 40 .68 5

33750 30 -. 017 40 .68 5

6 33700 .30 -. 021 94 .6i8 5

7 33800 30 -. 0-05 64 .68 3

8 33800 30 -. 0205 64 .68 5 (1)

9 33800 30 -. 014 64 .68 0

10 338500 30 -. 0192 49 .68 5

11 3385-0 30 -. 0232 94 .3 5 (2)

1. 20 K(T. HEADWIND

2. DROP n!iGHT a 16'" FOR ALL OTHER CASES

DRO*AC HEIGHT a .5

A-44



..........

C)~

t; C- 14,4 - - t ~ e o 4

N' . ) ) -'4 t- C) ~ ~.) .4 c C~ u) .-e ej

D) -v 0)

-C # # . a a a 0

0~lC )C )e )C )C )C )C C) V4 C-; C)) C) C) C) ( ) C) (I C

NN
L* tk)C )C )C )C )C 'C)C )C )C )C ~ C )C )C

a * . , *5k I t I I s a

S. rl (Ir tU ti ? i 1 f f r) j ý
1% t 1, ~ -. 1 Or '

rq -1 7
'4'~~~~~O OAj Oa " t a a a a a * a a a dA

rl

54% 4



N' 
C ) w 

C ) ( )

1- 4 04 94 4 *

r~r~~) ~ C)Cl.C)C )0 ) ) ) ~~ )C) C) C) C) C) C)C ) C ) C C C ) ) ) C ) C ) C C C ) ) )C ) C ) ( I C )
~Q ~ )- C) C C)O ) CO ) C ) C ) C) C; C) C) )C ) C14 

ta 
N 

C)j C)4- 94-4 -4 -I4 .q - 4 -. 4 9-4 -"4 49- . ~ .

N~t C) 
C)C)CC), ell (" C ) to) C) to) C ) ) C 1) C)4) 10) to,)

Ct) 1- 1t 0l *~' to, C)i 
to~C ) C C ) C ) C ) C) l (,I C) C 0)a ~ ~ ~ ~ e f., 4 4 4 4 4

fill ) Cl fN o f! Clf) C) v ts C) f) f) C) r) CtC C

a a a 
2 v;H

WAH

C) N N C '~ , * CCA- 4 6



14 -. - -- - .-e

"4 C)c

4.4 N (

C) CN

cv CO C),j T) u C) F

4 N

ý3 to

M) ce to Cj T, Bln~ W r

04
rl()

f) cr C

flf4 4 4 .

s12!" I-, It ttjft tTjf ýt ý )I ýf

A- 47



!'7jpg7~l j jl.

(.Y

to

c CCM L
) C) C C)C) C) C' C )l ' q.~

C~ C)

c) C * I c 4 a I .* I

~t 1

t t I
IL 4 4b

VAH

A-4



4 77

to- rhm t)

"otolb17
\j m co

C)4 C)C )q- 4-

r). N 0(D 0 -C Gc. "nC,:f 0 N c.C )
C'- * * 4 4 4 4 4 * * 4 * * 4 * 4 * 4 4 9

* '~ ~ Cl ~O C\J '~. C

E-4 'jN ~ O - c)~7 . . ~

L- .1.4 -4 4

.- ~~~~~ ~ ~~~~~ n- C'~~' . ~ - 0~C '4)4

41C1C '0 1 2 ( IC ~C )( )C l ~,4.( 111.

v-4

t
5t;~

*i IV)1 ~ 0 ) ' ( .'C . 4 . C & C J 4U
C)~~v C) ir) 9 4 * 4 4 4 9 4 4

~ C 0< C ~C ~C)C)C C C ) C ) 1 ) l())-49 1((



C-,,... . o ? 'n.~ t

vv) (7 Ct (

"m -,.,W

Ali

S) 01)C

-'le

I-* Ile -4 tV" c o ~
C) ~ ~ ~ ~ r *- 9 9 9 9 94 co 5 9 . 4 9 9

I ) ) ) ) ~ ) ) ) ) C ) I') ')C)C) CM '4') C C) ) (V V) Cn

CCs)

0 0 T2

iz

.44..V

.• tA-50

C) C 9 A"SO9 6 ~ 9



or~~~ 0-- 0

- C)

14 N 1) 0l C\J (yl 0Vm e t~ )~ )n C C) C) C)f)C, ';nn
Ntt 

0 
n 1t)0N~) 1

CV) *4 ;-

(II
7n vý 

r-a: C~~~ - 'I) m .* 31 ~~~~C) t C ) C )C ) n C ) )C ) C ) C )C

wii

z;$

A-Sl)

. ..... .... ...



(IRV

C,,C

'0 14

P-4 ON O 4 4N~ v N N ~I

ftI t f3f t f

A-52

.w.;



n* 9 9 CC 0 #D

N £!1

'-4 M 0) C)N )I '4lClv,, e3N fc, ';.~ or N -14 qr C) N) N, 'I C n
C A) CCC))p 0' (1 (1' (> (2 i fl 4N:

-0 '4 en Ir I -n -n

ev te ) t
pl (LOITt

3,t C)C Nt - -46 04
4 C C C C C C ~ ~j ) ) f ) C)e - 4 C l C) 1)114 C ~ ) C

Co ') C) nI t) ZI 1) ;0 C)f :I ) )C )C C )C )(I C

f)* ft NI ) ~ t~I)*

ON ~ ~ f CN .. n ts. z c,. A , O y fti' l, $3 -'

C) 4)~ A a s a 4 4

W. a.t a"A A 42, oa

I'K

4vr;-



4c 4t0 0 0 a 0

4-4

I I I l2

-~to

N30

04

*~~ "cNlc. Ii )tC

cy 0 t)~ ) cl fjC l Cl 0) (1 C) C) C) fC)t* e l (1 l e )C )C

Al f

444

w it
EdO)



c .4

oP T

94 N3

ft 0

4- ft .,

5 *C)0 1 # ot t (7 (o ( C F)~ bE)(7 f 5 (7 0) C ) el 7 t

C% f ~ It j ft f)

It-

64

r &IC4

4.~ ~ ~ ~ ~ ~ ~ ~~~- Nt 7t ftIf t5f t t. T 445 4-

ff 1. t.

ft f 4 .S~1 f f ft p f t 4 1 ~ f t ~ f t ~ f t 1 f



_f.t

C) 4.)

C, C ' ) " .- C) - C) (7 C) .- ,; ,' C , • 1 /) C; ) ) ,> C) C) C)

9 9 * ' 
-

C) .*a tO.4 : xi,

C).-.: 

H

' C -. :.. Q C C ) C ) ) C ) C ) C ) C

T.)

C)• ) 3).- ) )C)C )000
9. ' N 

)'. l



C,- C)*

crr

f) -) * !4 4 .Q i 4 a * 4 * 4 *- W 4 94 4 4 4~ IC) C C) )C)C ) )C)C ) ) . )C C )0 C) C c 0 C

II
ELI

%44 p) - . 444 4 4 * * 4 4

C-',

Ile
44)



. .........

cl C)

. C4 co C C) l to, tl' C -0 (0) ) c) ~ )C . )C )C

f' C)C) * * * * * * * *
* ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~7 .1 R! 'I.)~ 0C )C ) )C )C )CC ' :C )C )Cvl in dC) .0e

CV~)CA . C)

am)



fo. of)t.

U!
feo -t nI Ag8 CD

'4CV cl~

p () - ~ C) f)0 ) C *D d 0 f) . C )

* * ) C C)&) ~C) ) ' C) ) ( C~~ ~ ' C C)C) ( ~,C) ) ~sC; ) C
C, C 9 9 9 9 9 9 * 9 9 9 9 9 * 9 * * * 9 9 9

a a ~ * to
15 onC ;~( )C )C )~ )C )C , ~ ~ C )C

N N)? n~, .4*

04-

Ut ' 9 * 9 9 ~ 4 * 9 9 9



CI C

-m

A

',,"•i~ ~ ~ ~~~~~~* c) A Al' A ••( )f l'( -t€ 1€ 1tI

III

40

N~ (1 
_"r )C

r,.• ('* ,• "" C) C) • C ) o 3 C) C) l C) C) C) C ) C ) C) 0) C) C) C) C) C) C)

CC) C*,.

. ,:, > , (I ( C I )) C C) C

. . ..." , ¢ m

All. C)C

A-60



M '0 *,. M..

Ij f' c Ivef

to Ch C) )4

I-. * * . . 4 . 9 9 0 M. C, 0

40 4r))C)~ ) ) C, v

m 14 V) to~~C )C
9 . V ) t o

C) ~ ~ ~ ~ - v)C C )C)C4~ -

C) r) C C C C 91l

-4 gn e

U~ ~~ 1 4 a a *

C)Y

C) Eat C) ~ A')61



* try,.. ,,.>.,...- A

1,,

4

N
£tC) N CVN�'n. NC'.
;A� * 4 C� N C� �D SC) 17 C) C) � �) Q � C) C) C) �' C) C) C) C) C) C� t� q,'a c� C) a 4 * * * , . . . . . � * * * * , * * * * * *C) Gin N" C)C)C)C)C)* N �- x, -- C)C)C)OC)OC)C)C)C)C)oa) tN

IIC) �O
O�C) N.c C) N� fl t .1) N tri ...� 'Z) tj� t� C) 0 C) fl C) fl C) C) C) C) �) 0 C) C) � C)

C) . * . a * * a 4 9 4 4 9 4 a * * * * � * 4 * * * * *N 9).". '-4
N fl C) C) C) C) C) C� ') C) C) C) C) C) C� C) C) C) C)'r V) C) *�'7 

-
rPo 

�1�t*1

C
0
C)

4-
*? t�i 0c'c4. � 3 �

4j��rZCf�eSOUZC)Wl*t
to .' �7iN.. fl�C...i. 

. 9-4crg. * v-i Q N � �2 Ž.*'�*' 9 4 4 9 9 9 9 9 4 9 9 4 4 4 4 4 * 4 4
�4 N
2.7 I3ai� II *�a a of gag aIa*a� 7'i't( C)

N

C) �. 
HH I0 . a * a . I.4 - ... .
'-S

-N 4 9 4 9 4 4 4 4 4 ut- e4g a �ta * *. 4 i�atje * a�.a �la m*** i IA
"4 I

I4
C)ii * ' :' � .. " � 'T '¶' � (4

UN Ci *. ;* N C .� � 'r r .r r .� -� .* �*. �j 0 - S. . .. &g\'�r
1  tt* 

tIt �' C) * a I 4 S 4 4 4 * .4 4 9 4 9 1 4 4 9 4 4 4 4

- S I a a a i - ... �. .. -s ." � � .a S. - - . *. - v-s -.4' 'I a � 'aijia aaaga a* I I
Ci

4) -, t' *201* 1� CI C' II *'� *1 #9 t t'z-
* t�.

'1) � 4 9 & 4 4 * ' 4 9 4 4 4 4 4 4 4 4 4 4 9 9 4 4 ?1
CS - **() - -� .s� s'� �b4 & 9' - *�' -h

z �
'4

'4.
-t 4
S

A-b 22

k. - -�. - -....- .........



I~~ ~ ~ I~ I i 1

c~~~ -W C 4 _04 b.

'c to

C) o- 'W fC% 14 N Crf*f
9-. V- N. *4 4'

a4  
"4

.4 ~ ~ ~ CC c I to CO(!r"4,4) to) ) 0)( co) c C) too () Cl) Cl) C*) t ) to) Cc) & CI

co N N.4 V-

C) 'r cc ~ C V-4 :0) fl

1~ C)

II #

.~ ~ . . . ... . . .

t~ I , I

isi oi pi * k tt ,t t f %i

rl ~ ~ 63ft!"

t!~ i



APPENDIX B3

GENERALIZED' AIllCRAFT EQUATTONS OF

MOT ION



7% n-ý ~ ~ ' ~ '

j ~ GENERALIZED EQUATION

FOR

SIX DEGREES OF F-REEDOM

X FOCE EUATIN Pae B-

YFORCE EQUATION PaeB-3

Z FORCE EQUATIONB-

ROLLING MOMENT EQUATION B-5

PITCHING MOMENT EQUATION B-6

YAWING MOMENT EQUATION

IN THE LARK-I SIMULATION, k HE FOLLOWING VARIABLES ARE

SET TO ZERO

ANGLES-

* ROLL ATTITUDE

YAW ATTITUDE

08 SIDE SLIP A!ICLE

A1  ATE1~AL CYCLIC TILT

RATES:

p XACGULAR ROL VEOCT

r ANGULAR~ YAW' V&LLOCITY

v LATC-- 'i'LOCITY y

All si; foictŽ; Qnd v~ift

a~- 1-4,..



(a) The X-Force Eauation

X=(X)F+(X)R+(X)FUs+(X)w4'(X)T+(X)vT+(X)TR+r (X) W sin sin

-W Cos sin 0 cos ~i- (u+qw-rv)=O
• ~g .

FROT ROTOR FORCE

(X)F= (LFcosAI FYF sin A) sin (a-cF)-DF Cos (c-) cos 0
F F

-(LF sin AIFYF cos A1 F) sin

FFF

REAR ROTOR FORCE

(X)R= (LRcos A + Y sin A sin (a-F)-DF cos (a-sF) cos

-(LR sin A3  -YR cosA 1 ) sins

Rý R.

FUSELAGE FORCE

(XFuS-: L USsin (a-.cFUs)-DrusCos (-FUS COS FuS s+FLG

WING FORCE

TAIL F'OAC&

(X),ý,-, Lri~p n (m•-ri- ,• )-DTCos C:t •T os.

VERTICA! TAIL FQ*:.f%

V':,•:I •£ V11, T

{TAM. 7tA .

Vt R T P.

T FOAC 2



(b) The Y-Force Equation

n
Y= (Y) F+ (Y) R+ (Y)IFus+ (Y)w+ (Y)T+ (Y) vT+ (Y) + E(Y) +WsinrcospF R Ps W T V TR il pi

+W cos • sin e sin i -- (v+ru-pw)=0O

where
• i(Y)F (LF cos AIF-YF sin AIF sin (a-cr}-D Cos (U-CF sin 0•

+(LF sin AI +YF cos A, cosFi -F

(Y) (,R Cos AR+Y sin AR sin (a- cR)D cos (a-c) sin s
R S

+(L sin A1R cos AR) cos
!R RR

(Y) Lusin(•-•F )-DuCos (a-F) sin s + Y cos s
FUS FUS PSFUS FUS s Fus

(Y) LwSill (Ct-E CswCOS (ce-W) sin s

(Y)Cos(-Z-t- Sin 6~
S •, '(Y)T=- I sn -T -Dcos(c--•.T sin a c S

SVT DVTcO (c-VT) s • - g

(Y) ,

i"i

i.iii
F~



(c) The Z-Force Equation
n

z=(z) +(z)R+(z) u+(z)w+(z) +(z) +(z)I+ (z)~ +W Cos *Cos 6

W (w+pv-1u)=0

where

(z)= -Drs-(c +Lcos A1 -Y sin A1  Cos (M-CF

()-Dsin(c1-- )+(L cos A +Y sin A )Cos (actcR R I R 1RR R

WZFS D DUsin (ac~EFS + LFUCos (LatJS

(z)w D sin(ac ~) +lqCos (c-EW)

WZT D sin (,- + 1, cos(a c)

MZv~ -D~sin(ca-cT)(Ick

- Tsit, tac~E + Y)o acT

T sin i + NCos

q PITCHING V4tOCI'rY

LM- AýTITU W WING

u V.-(}CI -T-LC)kY.G bOMY x-A\XI V V ,.ýLTI

W ~ Wý?p MM LN

V- A,:~ OWO A

In~ t 4 vi or BODY AX

V~ I Il C1

T 'tA;~u ~ ALI, ptcc5
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(d) The Rqoling Moment Egquation (L)

• .. , nA n ,•( o i + I

L (L)? Z (Z)C -(Yli{+ ,1

L (Z) ') + (z ' R (Y)'
E-k r I A 11

R R

(Z)r -(Y) + (Y)
w T F

VJ". +( (Y) VT'(Y)Z + TR YT ( T "Z

TR T•R
n

+ r (Z) - (Y) ++Q +L + L -L

P.P Pus HUB HU
3.F

-p IX+IX (r+pq) + rq(Iyy-IZ) +IXy(-rp)

41 -(q12r. 0

th
* I where i refers to the i aircraft component and

is evaluated by letting i r1 , 2, 3, etc., or the
appropriate component designation.

Subscript Irefers to inerti4 terms. Similar notation is

$ Ubod -n the pitching and yAC,9ng moment oqf.uatioils givan

Sbo 1 re.

a- hiP i' tc ing ntEtz i n0

*n

-A.



(X) W~ -(Z kx + (X)T (IZp,'

+(X)VTJ (z)TxVTI7, T xVT TX T- T, TR

+: (X) P (Z) pr + M p D u + M HUBS+ +M UB+4

2 2

-q rq +Ipq=

(f) The Yawing -'oMC-nt Equation()

nn

N=- ~:x + (Y) -(R) * RFF ~ RR R

+ (Y) -(X) +()

w-y WT-X VXX~~ r I) .1I' VT T Xl TF\n

+~ (Y) x X) V+IY + Y X
*1~Y

VT- VI VT T R - TR T

n , .

(X +Q -

Fu



p = - sine

q=0cos 4)+ ~Mcos 0! sn4

r T cos e0., cos 4)- 0 sin 4

o q cos 4-r sin 4

4) p + q sin (P tan e + r cos 4)tan 0

loo.~ (q si n (P + r cos 4)) sec 8

Transformation to Inertial Axes

u cos e cos T~ + v(sin 4) sin 0 cos 'P cos 4) sin 'P)dt

+ w(cos 4P sin e cos TP + sin 4) sin Yi)

t..= cos 0sin T' + v(sin 4) sin 0 sin TP + cos 4) cos 'P)

+ W(cos 4) sin e sin 'PT sin 4)Cos 'P)

d.



APPENDIXC

SUMMAPY OF

CHARACTERISTICS, FORCES AND MOMENTS

OF THEI

CH- 53 HELICOPTER



SUMMARY OF

CH-53 CHARACTERISTICS AND PARAMETERS

C.HARACTERISTICS

Rotor

R RADIUS, FT 36

b NUMBER OF BLADES 6

ROTATIONAL SPEED, RAD/SEC (NOTE 1) 21.7

a SOLIDITY RATIO .1150

e FLAPPING HINGE OFFSET, FT. 2.0

a t BLADE TWIST, DEG. -60

Ii s ROTOR SHAFT INCIDENCE, DEG. (LONG.)

(NOTE 2) 50

y BLADE MASS FACTOR (LOCKE NO.) 12.55

M N FIRST MLASS MOMENT OF BLADES,
$LUG - FT 183.6

izf { x,y COORDINATES OF -7.50
zf

1  ROTOR FEAD, FT 1.33

B
max 16.25f CYCLIC PITCH LIMITS, DEG.

Bl~mia (NOTE 3) -11.0

ma150

COLLLCTIVU PITCH LIMITS

°mi n

c---I

0- . .. . .. ;-7 ••• .7 .-:-: •



CHARACTERISTICS

TAIL

At AREA, FT 40

t INCIDENCE, DEG. 3.0

ASPECT RATIO 2.5

izt -9.85

COORDINATES, TAIL AERODYNAMICIxt ~~CENTER-250

LANDING GEAR

Ign NOSE8.16

1 NOSEix 7.08
COORDINATES OF GROUND

iZlg CONTACT POINT 8.6

x JgAIN20.0
AI RCfl.FT PiRANTERS

W WEIGHT, LBS 33500

I MOMENT OF INERTIA IN PITCH
yy SLUG - n 2

ta AI%3IENT TEIPERATUR•., F 59.1

K ' -'NGIl.NZ TORQUV 126.

AFCS CONSTANTS

K PROPORTIONAL GAIN 0.8
p

RATE GAIN 0.4

K SLt•.ATXON (GAIN 0.0

C-2



z1ac 33.2tSac AIRCRAFT COORDINATESIx xi acINERTIAL AXES, FT0

'ac AIRCRAFT VELOCITYac JCO.MPONENTS 0 Slac
0 FUSELAGE PITCH, DEG 0.0

O PITCH RATE, RAD/SEC 0.0 4
T THRUST, LBS 36000

Is CYCLIC PITCH, DEGS

0 COLLECTIVE PITCH, DEGS A
t FUSELAGE TRIM 0 '14

tA

S]
*I *. -, 3h ~ 4



NOTES

(1) Rotational speed, power on, is maintained between 21.8

rad/scc., max, and 19.4 rad/sec. min. (Ref. 5).

(2) inclined fcrward.

(3) Positive cyclic tilts the swash plate counterclockt.zse.

(4) Parameters can be changed interactively at run time.

The procedure is discussed in Chapter III. The

values in the table are used unless specifically

changed at the beginning of each run.

JI

C-4
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SUMMARY OF FORCES AND MOMENTS

LANDING GEAR (Section III-l)

NOSE GEAR LOAD VS STROKE (SN)

FLGN = 1 7 3 2 0 0 /($N + 4.22) III- 4

K I N GEAR LOAD VS STROKE (SM)

"- FLGN 9 3 0 0 0/(M + 0.825) III- 5

DAMPING FORCES

F + 100 S2 111-.7
LGD

where A stroke velocity. (Subscripts: N=nose, M=main)

STROKE AS A FUNCTION OF AIRCRAFTlSHIP POSITION

(Both gear t's are perpendicular to A/C x-axis)

S =Z -LG -Zi + 1 X fac LP LGN

M i 1 Pi
ac P M LGM

where Z. = A/C
4C

LL -- Distance from cg to landing gear extended,
parallel to z axis, same for both gears.

Zi I Launch/landing pad cont.Qt point (incrtial frame)
TIP

1. - Distancs in x direction, landing gearLO cozltct. pn•int to cg.

4f •Pitch angle, iuselajc, poi:Itive nosef up.

s~utr;'N+ INVS A YUX:CT 10:' 01" A/c SHI$~P Vk:LOCTY

SM -Z - I +
LGM ac LG A•

~I4, C-+

41?I



ROTOR FORCES, ANGLE OF ATTACK, ENGINE POWER (Section XI1-2)

1. THRUST COEFFICIENT

CT 1R 2p ( a),-

CT = Thrust coefficient

W = Gross wt., lbs

TR -= Rotor radius, ft.

R = Rotor radius, ft.

p = Mass density of air, slugs/ft 3

Q = Rotor rotational velocity, rad/sec 2

2. COLLECTIVE PITCH, 0-6 D

D =W[a(t 4 , 2 + t 4 , 3 ) - 2( t5 6 + t5 17))

S(t + t 5 4 ) + (at~ 5 - 62 t 5  )Gt

+ 2 (at4, 6 - 62t5 ) III-12
4,6 2 51,10

N 26. ts, + t + t, 0) -2a(t 4 ,4 + t 4 5 + t

3,3 • t (t 5 6 + t 5 7 ) "a(t 4 , 2 + t 4 3 )2

t art , tho cooiiciants from Sailoy's rotor

art tho cooficicents in the soction drag

C-6



Rotor Forces (Continued)

C 2 ( MR 2(R) FT-LBS 111-14

4. POWE1R REQUIRED

PR M QR/550II-'
R W-R

Power available (maximum)

PAm =6422 shp. t < 156c
max

6858 -(29.1)t 150 >t > 590c 111-16

= 5140 t > 590c

5. ROTOR ANGLE OF ATTACK

cT
L arc tan Ž + CT

LC 2i(z + 12)i/2 111-17

6. THE 11-FORCE
D-T (s a.n 11 ac cos c

Co s 'a + sin ac

C L C
SO t~t + 61 (t6 X +t

S-W• 511 '6 2 6, .7 5
+ (t6 + t O + t 0

+ 5 ,75 G 75.

For these t the following values woro used

•o"0.0087

S+0.4002

a is the s opof•,f tho s'ction lift curv, 5.73

0 in the blade. twist

C-7



Rotor Forces (Continued)

3. TORQUE COEFFICIENT C.

x 1 - t 3  (0 +-

0 a :3 12 40 33 t:

CQ x- 1 60 + K2eo + K3 Xe 0 + 4x + K5 + K6  111-9

K1 = ( 2t 5 8 + atd, 4 ) + (S 2 t 5 , 9 -at 4 ,5 ) + 62 t 5 ,1 0

K2 = 61 t 5 ,3 + 6 1 t 5 ,4 + (6 2 t 5 , 9 - atd4 5) + 2tt 4 ,6

K 3 0 (6 2 t5, 6-at4, 2 ) + (6 2 t, 7 -at 4 , 3 )

K = (6 2 t 5 5 -at 4 ,)

K 5 1 t 5 , 2 + ( 6
2 t 5 , 7 -at4, 3 )0t

6 0 6ot 5 ,1 + 61t 5 , 4et + 52 t, 1 0 t2

where a = solidity ratxio

X inflow ratio t(V sin a-v)/ R

'nd C ,T1i,t i,j,a,0 and 6t are defined above

-' torque coefficient
'-Q

UR (CR) R

Lp T Cos jc" H Sin akC II
D H Cos a Sin 11-19

C-8



- _.C..f. X t•

4

' ROTOR HUB MOMENT Section 111-3

--- ' JaeH a a knB-21

K e t Bt5

=t e + t,8

where e flapping hinge offset, ft.

B is cyclic pitch, r•d.

a = section lift slope

m = mass moment of blades, slug - ft.
s
a1 a second Fourier flapping coefficient, (tip-

path tilt) in flapping equation

a 0  a-cos , - blsin P .

(Ref. 32)

FUSrLAGE FORCES AND MQ_01ENT__ (Section 4il-4)

LITzrr c 15.0J t 487 a111-24

rnAAOF/a 41.,06 -11.45 + 4.423 112

for -20 1 A ;. 2QG*1 l,

4 rv C r-u' fuoosdge angl½ of 'attao'k

C interfcrcneo, !3f zvistor on fuiaxhtqo

ar toangof U

d~ &CC ta

A



Fuselage Forces and Moments (Contirtued)

U velocity in x ii.rection

W - velocity in z direction

V = V(U 2 1 W2)

Moment V q -450 -200< -1201-2

~58. -12 s < +160112

1000 16*< -a +200 111-28 '

TAIL FORCES AND Y'iOVENTS (S5ection 111-5)

C a(ct-a
CL T .0

cT

LTO.r 2

whc.re
where i~ T Tail incidence, pos. L.E. up

a Zero l~ift ilicidence
0

C~ inte~rference angle, rotor dawnw~h on ta.U. (see bolow)

C;) ehalive in A~qlf of ftt~& due to pitchinq

-I3clc 0"e 'tai t# 1/4 p N AC) to C-9 .T

V t1X~ht path spt V(U~ W

"N aaý.t ratio

C -io
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D-1 THE EQUATIONS OF SHIP MOTION

If it is assumed that the motions of an arbitrary ship

are linear and harmonic, the six linear coupled differential

equatlons of motion can be written in the following abbreviated

form:

6

) 1-.. L+ B~ Cfl + F. 1. . *6

where the six disn.acements are each denoted by nk where the

subscripts from 1 to 6 refer respeCtively to surge, sway,

heave, roll, pitch and yaw.

It is not our intention to discuss the derivation or

solution of eqluation D-1 or the meaning of the coefficients

M, B and C. Experience with thcse types of equations are.

assumecd and it iz sufficient to say that M is a matrix of

mass terms augmnented in same fashion by the added mass of

tht displaced water, B is a matrix of damning constants and

C i4 a matrix of hydrostatic restoring coofficients. ror

4 ship with later~l symmetry tunder the- assumption noted auove,

the Uc~ he~vc! atid &w~ cqua-ions may bo solved indeporidently

OJ7 thLQ othor Lhroe, ant the solutions of all six ýýu~xtior-i will

Le *iimple hairmonic functions

n 4A coos-) + c j-l..6 2

11 hc forcing~ iunct~ion) or th.p: oquatior oil the wave (F C

--nbuexptzcd in thez sirplo tuamonic f~tr

F Cos5 WtD



where F is the amplitude of the wave

w is the encounter frequency

A. is amplitude of the ship response.

We will only be concerned with equations D-2 and D-3 and for

all other matters, the reader is referred to References 1 -3

and especially Reference 15 which is a thorough and exhaustive

discussion of the derivation and solution of Equation D-1.

Equat~ion D-2 is the sinusoidal response of the ship at

agiven frequency w to a sinusoidal wave of form D-3. In the

next sectio~n, it will be shown that the real sea profile can

in no realistic way be represented or approximated by the

form D-3. The real sea can in no way known be represented

either as instantaeous profiles

Z F(x)

Z F(X,y)

or axs time histor-ies

Z F(X't)

z F(N,y,t)

where the represntation F is a sum, finite or infinite, of

periodic functions, sinusoid or othcre or polync~mials such

thiit the error

#a r' G(x~y,t)

betweon the reprtsentational function F and a measured profile

of wave anplitu~os C is cit~hcr less than a preascigined value,

or is .1 iat t~ical functioii, analytic or not, of any of

the vari,,blvs. This Is, peirhaps, the broa~dest statement- that

cnbo made in nthematical tor~m~ of what appi-ars to be a truth

D- 2



which can be stated in less mathematical terms as follows:

it does not appear to be possible with the mathematical tools U
we have at hand to make a mathematical deterministic model

of the profile of the sea surface which is a function of

no more than a few variables, say 5 or 6. If the variables

are limited to x, y, z and t, it is clearly impossible.

E-ven if othiei variables are added such as wind strength, wind

duration, wind direction, fetch length, boundary values of

coasts or water depthS, etc., a deterministic model is

still impossible.

If this is true, the engineer has a problem. In nearly

all important cases, in dynamics, the equations which he

deals with are equationc of motion or are derived from

.equations of motion, and have the form of equation D-i.

The statements made in the prior paragraph mean that the

expression F.e cannot be used to represent real waves.

The statements seem to go much further: since there is no

deterministic way (that is a deterministic function of a few

variables) of realistically representing a forcing tunction

in equation D-1, then there is no way of comparing a solution

of equation D-1 with what may occur in reality. For example,

we can calculate the motions of a ship in the sinusoidal

wava a cos 4t:we can measure tie motion in a towing tank

where such a ":,ure" wave shape can be generated, and crmpare

th* results. This is done in Rafertnce 1 through 3. But

we cannot compare the motion in a real sea with tho calculatol

motionf ia"'pure" .avqa. It was said abovo that the statoments

n-3



in the prior paragraph "seem" to be saying this, but this,

fortunately, is not altogether true. There is some truth

but it is not the complete truth. In what follows, it will

be shown that a statistical (as opposed tj deterministic)

use of the solution of Equation D-1 can be derived using a

statistical representation of the real sea. The theory

S of the statistical representation of the random sea is rather

simple. There are some serious problems in using the theory,

beyond the scope of this brief survey, but which are largely

concerned with how we measure wave amplitudes. It is important

to remember thaL the statistical model is completely empirical.

The deterministic model is partly empirical.

We have dwe'lt upon thi., at some length because the re-

conciliation of the deterministic model, exemplified by

Equation D-I, of ship motions, and the statistical model of

wave motions discussed below, although not diUficult to under-

stand, can lead to qerious misconceptions as to what the results

really mean. In most cases, the true meanings are probabilistic:

"an amplitude of a given value will be exceeded only in a

given time.' What, then, is the meaning of choosing one

ampl. ade rather than another? Answers to this and other

qucstions will be attempted in the following discusa;ion.

.................................. 4~



D-2 The Natulre _of theIrregular Sea

A typical contour plot of the sea is shown in Figure D-4.

The smallest circles locate the highest (or lowest) points.

One should be impressed by the disturbing irregularity of

the pattern, disturbing, that is, to an applied mathematician.

0o

Figure D-1 TypicA.• C'ontour Plot of the Sea

The pii-.ture is very rmessy no matter which way you hang it.

It the patterni appears, to have a prevailing motion (say,

fromleC t( ricght) we might exp-.ect the crests (and troughs

to ý-Ytvad ndiilyat riql-tt aingles to the motion. They

obvi,'.usly dn nc~t. TVi: attribute o" the wave patturn is

known as short crostednt--ss, since n•o one cr,.;st ext(trnds very

far avd aJnotho)r appca-rs not, for away. Those short crests are

not -ýInd ¢t ach other, orf or th, sameo length or height.

(Coni,ar•,i cr.i:t!A-r, b-b, a.d c-c). The co-Atours of Figjure

6D-5
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D-l are contemporaneous and if one were to record a multitude

of such plots at sunceeding instants of time and if it were

possible to follow the history of each contour, it would

appear as if the various crests were mcving at different

velocities and in different directions, although the entire

pattern 'seems' to have a prevailing speed and direction.

Also, crests are not very durable. They appear and disappear

* and their total life may not be very much longer than the

apparent "period" of the wave.

If a cut is taken along some line AA, the resulting

profile might look like Figure D-2.

Figure D-2 Typical Wave Profile

This is the saiiie kind of profile which might be measured

by a wave height measuring device over a period of time.

That is, the spatial profile of a wave pattern looks similar

to that measured at a point (say B) as the waves move past.

Thc profile of Figuro D-2 seems easy enough to undor-

stand. Lot us 3ay it was made by oLserving the height of

the water on a staff fixed in some fashion to the ocean floor.

NeedleSS to say, this is not how the record was obtained buat

th* remarks mado below apply in any case.

Although Figur D-2 looks simple, it is onocmously

diMiCuILt to itterprot. The "waves" are comting Crei many

~ S ~.-.- --D- -



directions although there seems to be some kind of prevailing

direction. The crest lengths are all different. Point 1

moving past B is only the low end of a Crest, but Point 2

is a high point. Furthermore, the crests are moving at

different speeds although they give the appearance of moving

in groups. A stone, for example, thrown in a still pond

induces a wave train that travels toward the shore at a steady

"group" velocity. But the wave lengths are shorter in the

rear and longer in front. If you follow a crest, say the

last, Zou Aill find that it is very quickly the next to last.

As niw crests appear at the rear, old crests traveling more

slowly disappear at the front. This is an example of a single

group speed but differing individual or "phase" speed. The

phase speed, c, is related to length (for the pure deep water

sinusoid) by the expression

L

where T is the poriod and L is the wave length.

Figure D-3 shows the obsorved frequency distribution

of apparent wavce' periods T (fron Refcrence 16 in che form

of a histoogram.

r'-.1
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Figure D-3 Observed Frequency Distribution of
Apparent Periods of Waves in a Typical
Irregular Sea

If this distribution is measured at several times during

a "steady" sea state, and each histogram is compiled from

records of apparent period observed during a given period,

and the increments T (in this case 1/2 sec.) are the same,

the histograms will all have approximately the same shape.

Although this suggests the superiority of statistical over

deterministic methods, the frequency distribution does xvQt

provide enough information.

ILt ia apparont from Figure. D-3 that observed freqw-ncioe

tre ct itk:iuously distributcd from (in this cauu) abouvt

2•
• 1.5; (T 4 secs.)

042. tT so~ 15 sevu.

MTho Act4al b4rdwidt:h is $u-,what larger, as w shall see.
The ddt;i in Figuroe .- J corrisp•pnds rouqhiy to i sea state S

or 6.)



A similar histogram could be derived from a single record

such as Figure D-2, or a collection or enserble of records,

which furnish the distribution of wave heights. In the

classical theory, however, there is no relation between

wave period and wave height, except that the height-to-

length ratio is limited to about 1/7 (Ref., 20).

Joint distributions are equally unrewarding. What

appears below is an example from Reference 22.

, H " ,e "rb WO.e ,•,q, f-eq,.*,My C'mriyoon

t -i•a, :" . -6

' ~ ~ ~ ~ ~ ~ ~ ~ 0 e'•••:,. •"-o"•••" •••

S.-5

Go

44
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These histograms are for very small waves (2.9" max) that

might appear on a pond or sheltered bay. Although the periods

seem clustered about the average period, the lengths are very

widely distributed about the "single wave" height.

A brief attempt has been made in this section to expose

the enormous complexity of sea waves. In terms of a possible

mathematical description, the sea is very irregular. Despite

this, the con-viction that a mathematical description is

possible is greatly strcngthened by the zhiservation that over

a wide area, for periods of several huurs, the sea may maintain

an appearance which defies description in terms of "average"

or "typical" wave lengths, or periods, but nonetheless appears

to be steady.

D-10



D-3 The Specification of the Irregular Sea

Numerous mathematical models for describing a real

sea state have been proposed but all have proved to be

inadequate except the description in statistical terms using

the concept of the conLinuous energy spectrum.

It is very hepful in understanding the need for a

statistical description, to examine the deterministic models.

It will be seen in each case that despite the deterministic

character of the describing function in terms of specified

amplitudes and frequencies, each method assumes information

which can only be provided by statistical analysis of actual

records. It should be noted that if any of the models

described below were adequate, it could be used to provide

wave forcing furnctions in equation D-1, since the solutions

for these equations are for a single periodic wave of specified

amplitude and frequency. The complete solution for an aperiodic

wave consists of the superposition of an infinite (or in the

practUcai case, a very larqe) number of roqu~lr waves, in a

rnanir which will be discussed in the next section.

Coýntider tho wave record of Figure D-5.

,U.) This rAy bc rolircsintod by a periodic wave whote

alitu;½ and 4ruunt; hn omt- rinif icant rvlation to tho

It is r i;q4t.ed by Sedrup and Munk (W. 21)

that this can be done wit.h a roqqlar wave

r~t) rM Cosf



wherein rm and T are the average amplitude and period of the

one third highest waves. The representation is shown in Figure

* D-5.

r (M

rI-) f rtt+r)
F'igure U-5 Periodic Wave Systm with an Amplitude

'.'ornpL)Znt at a Single Spuctral Frequency

A serious -hov~cor~nc; of this rcpresc~ntation is that about

S•.iva ni~tha of thy ti~e the actuatl wave haights w:it b•a loter

• than thu signiziciant height ut thu idealized wnvc. A •r•a

shi " c~ tt Atac ind ila c *"Žndn " nyt{ ei

nor thc1 cou;sl (wi~t .ifti toomc r~ao t

Figu ry lit-5 Periodi Wve Systt, wi tth an Ampltudew~r

A rost of !iguro o f- cattaiis vavt setgnerts of all t rheatnciea



and although the-amplitude of a wave of period T Z ¶ may

be quite small in comparison to rits effect on the motio

of the ship may be quaite large. The idealization of ý,4.yure

D -5 has filtered out these components.

(2) The irregular wave could be represented by a Fourier

series with various amplitude components at many discrete

spectral frequencies. This representation is shown in

Figure D-6.

r M

A A

rrCo

0-f (0 + 1

rilqvrn ~ ~ ~ ~ rc-oi %1% 1,ot ihkp~~



be made as exact as desired by taking N as lai.ge as necessary.

But there is a severe practical limitation. In actual wave

records, the amplitudes of harmonic components are neglible

for periods less than 25~ seconds which means that for n < (t /25)1

all terms would drop out. The harmonics of maximum amplitude

will have a period which is greater than the waves of significant

(one third highest waves). The amplitudes of higher harmonics

with periods less than 3 seconds would be neglible. Thus

if t1 were chosen as

t 400 9sýcondz 30 minutes

Neglected lower

harmonics,~ n 1, to 4 70

Neglected higher

harmox'ics, n > 30 600

The significant portion of the F'ourier Fad&es for the 400

siecond case consists of- &.l--ut 30, - 4 21 tarms, and for the

30 inute c~sc of &o',.d 600 7 0 w$30 torms. NOW it in

alctruf -h~Xw ba ~ In, the ~tourior serie rep~e

;~-ý-c.' -'' couzvd by t-p~h~i c-ncel ation oflr~e

#~rsof ha- iowdec~ t ýf =4 t t ~r

by ti. jC 4f 4~)is U..r thi. vt OX is( tit b wl

CtiSai y l fcr for any oWhor ti,4 Pv



(The temptation for engineers to think in te•rms of this

nmode-1 is unbelievably strong. After reading to the end of

this appendix, the reader should consult Reference 23. In

this paper, the author accept, the inevitabilil-! of a statisti-

cal description "n terms of the energy spectrum, but

reverts to a function of the form shown in Tigure D-5 to

approximate the bpectral distribution!)

(2) A third p.Jssibility for the description of actual

wave recc-.Is is by use of the Fourier integral. Such a repre-

sentation is showii in Figure D-7.
to . f•2 t3

rr

r~r\

rMt) 0 ot)+'rjt-Q +_) *+ '5r,% -'t,
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In this manner r(t) can be made to represent the actual

wave record ovex any length of time chosen for analysis and

this representation would be exact for the interval analyzed.

It would fail, however, for time outside the interval in which

the analysis was per'formed, since the record would either have

to be defined as identically equal to zero or would remain

unknown.

OnE disadvantag of this method is that there is no known

precise procedure by which, starting with a wave record, it

is possible to determine the appropriate a Mw and b,(w..
p p

Nevetrtheless, such a procedure is theoretically possible.

The Fourier Integral method would be a convenien~t one for

studying proble., Ln transienW- response. It does not,

however, Ic-nd its,:2f to problems of the seaway because of

..he e.-.tr--nrely long dujration of the records to be analyzed.

The three modoks disc,,'ssed above repla~ce an actually

-,su:% wave prfleo o eiite leiigth with a harmonic

approximat~i~on. The most serious f aulIL n eaach, method is that

t~h n.n(-rritiorn ermined in each. c~ss.e applivs only to a

Sp~ci. tiria in.kAivda. Vieasernztig1. irregu larity Of

thu~.i~;never adquately accoiLi:tod for, although the

~ppoxr'.i~~nto~i ii~nrecord -ould theoreticailly be ma&de

ac clpa as desired. In addtlon thcra -at in e~ach easo

potical difficultics which haive boor douŽ±c~ribcod which

s-iriously vitia,- the uscfullnea2a of .1hose metliods.

11wvevr, for zui: givc'n gea P.a- ovur au.preciablc

Ic501 Of~ tineŽ as ?mftioncd ~abovc, t~hort is a *steady



state" appearance of the sea. This has led c-eanographers

to make use of "he concept of the energy spectrum, exploiting

the statistical representation of a random process in a form

similar to that developed in communication theory by Tnbey and

Hamming, Reference 17 and Wiener, Reference 18.

The motive in discussing the three mathematical models

described above is not only to exhibit their inadequacies

and the need for a random statistical approach as will be

described below but to clarify a loss of detail which must

be accepted as a consequence of the use Df the statistical

method. Although in every way favorable to the "deterministic"

models described above, the energy spectral method requires

that the phase angles are random and independent.

i D-17



D-4 The Statistical Representation of the Random Sea

According to this representation, the wave amplitude

at a point can be represented by the integral

r(t) o cos [(it + e ()] IS (w) 12dw D-5
0s

It will not be necessary to use this integral (which is not

an integral in the ordinary sense). This integral, which

can be approxiJmated as closely as required by a sum of dif-

"ference equations, is distinguished from the previous de-

scribed models by the random nature of the phase shifts e(.ý)

which are equally probable and equally independent.

The most important term in equation D-5 is the spectral

energy S (,.w) The meaning of this term may be visualized
S

by examining Figure D-8.

It

,.g;•. ~~~~~ýC4k Cf I-r.v•••. ,'• ,•-- .4 -4 ••,-

! .\ t t -
4i



Here it is assumed that the typical wave record r(t) is

composed of a large number of sinusoidal components and

that the alevation of the sea surface at any time t may be

represented by the sum

r(t) = lim cos [W n + e(wnJ [2Ss(W)6] 1/2 D-6

W

The term S (w), a continuous function of wave fre3quency,

and is referred to as the spectral density. It comprises

the totality of the &t•atistical description of the sea

state. In Figure D-&, it can be seen that S (M is a

function which for any increment 6% is proportional to the

total wave energy in that increment. In fact for the

increment 6$. at the central frequency wn the total energy

is

pg [S (S 6] D- 7S

where P is the densit., and q is the acceleration constant.

The total cnrgrjy of the wave system represented by all the

Sco,."onn... c,'reius in the spectrum is given by the integral

Thiu intrgral, which repr)•'ncnts the' arca under the spectral

curve,, O1 FiC iqr D-8, is u:k uly tl-led E and1 hence thu total

ener..ryv i.• • has tho units of (length2 x time).

WFhiic' thw ',.crqy sp•<ctrum S; U.) has thQ apixarance of

in aitdcr it s di~f~'rnt in a Very Ci icart

WIay vhicA zlin itsý uniq.uo ability to ciaaracteri-., the t~anct~m



I

sea. The potential energy of a single sinusoidal wave (per

unit length of crest) can be represented by

I/2pgr 2

where r is the wave amplitude. It follows, then that at

a given central frequency •' a fictitious wave having the

same energy as represented by equation D-7 would have the

height

rn = [2SS (w) d] 1/2

The spectral density S (w), however, represents the cumula-S~S

tive effect of all measurable amplitudes in the increment

6,., centerc-d at

S (,J) can be. readily determined from amplitude time

histories such as Fir1 ure D-3. The energy spectrum is in

fact the Fourier transforim of the autocc-relation function

of a givenz amplitudc time history. Thus

S (u) -/ r(t) r(t-) uiStdl-

where T is a continuou•I1y varying time lag.

Thvre are two cardinal point;s to kcvp in mind in asses-

SoinV j the v•'l-of thu vpoctrý-il donsit} method. The function

r(t}) tiven by cLo.. D-.5 and D-6, although it r%.roscnts

t'alil will - bo uso in thZ s

Z.. ..- ••the spectral'•-nai€.'

Aaw,1i-sS-- i h et oto.
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D-5Shi Moion i an Irregular Sea

The solutions of equation D-1 for each frequency

are linear solutions of the form D-2. If we knew the

harmonic components of each frequency band 6 Win Figure

D-9, specifically the amplitude of each component w.
1

then we could comibine the motions by the principal of

superposition and deterrnine a total moltiorn which applies

to all forcing functions present in the sea pattern.

This, however, requires that we must use one of the

three deterministic models shown in Figures D-5, D-6,

and .D-7. These are, in fact, the deterministic models

which cannot be'used fo~c the reasons discussed in the

previous section. The use of the sea energy spectrumi

of ono of the. e~xperirnental" fori.tE; shown in Figure D-9

requires that we use the statistieal information which

these spectra Lcontain in a mnazner which is within the

iipplici,,bilit~y of the principzil of suexpsti

The statistickil sk:a on?.rgy rpect~ral d~ata is used

wOhth,,ý st tiozis of cquztion U.-1 in thte following way:

A .jvxtz-ui of chip as~nn an4 ~ ~ ~ o

(ccu~tr) r~qe-~y . ~uerir4.ýi b.y tthc; 6:c of th~-ý

Cvn~zry :*P.'tu8 S A~ and the !;hip rcspvcni: oprtor

r (w) by tho ul

ThoI 5 h is dfoind ac tho tiuared value
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r( ) = nj(W)/A,,j(W)12

for each significant value of w. Using the symbol

[R(w)] 2 for r(w), equation D-9 may be written

SR() [R(R)] 2 Ss()

a fora in which it often appears in the literature. (See,

for example, p. 31 of Reference 2, and page IlI-8, this report.)

The individual results in the calculation of equation

D-9 are illustrated in Figure D-10 and will be explained

in some detail below. Figure D-10 shows the application

of the principle of superpositioa, for sea spectrum at a

fixed point (Figure D-10(a)) for two typical ships: a 250'

ship moving at 7.97 knots (Froude number Fr = 0.15) and a

500' ship moving at 11.27 knots (Pr = 0.15). In terms

of the frequency of encounter, w, the energy spectra are

shifted to the right by the transformation

oo
whcro is thc wave frequency and U is the ship speed.

In additioan, as .xplained in Scfcýrnce 3, tho spectral

WliplitvcIes are anor: by mulipelyin oach amplitu4d

by om J.c-'bcan of the tranafurmationz

Uaturally, tho totl ateau, undor the oriqLnal and transforrmed

cuzrvcs are identical. In Figure 0-10b the curves are- smothed

CurvC, dawn tirouqh a Iarqc collection of individual

s olutior.ti O-0. for cxa=itp at the Canter

D-23



"frequency wn = 0.8, Figure D-10b shows that the ship

response in pitch, scaled by the wave amplitude A is

about (for the 250' ship),
(0/;)2 42 x - r5/A)2 (Continued page D-25)

Notes for Figure D-IO:

(1) The units of each of the sets of curves are as
follows:

Fig. 9(a) UniLs of S( ) are FT2 - SEC.

Fig. 9(b) Units of 6/5 are (FT2 - SEC2 )-I

Fig. 9(c) Units of S(w) are (SEC)

(2) The spectrum S (w) may either be determined

numerically from an actual wave (one-dimensional) record

such as that in Figure D-2 or analytically by a formula

such as the Pierson-t-oskowitz equation cited on p. 25,

Reference 2, or the Neuman Spectra (equation 1.28, Reference 7).

In the former case, the auto correlation of the wave record

:-• i• obtained

iZ~) =lira •ZWt z(t 4 -0 dt

The Lourier t -alstorn ot 1..() is the power Spectrum for

~z

X n V, I t tro zoe tho OLe f the sea apc-etrýýi

is cxrzv !-o- any qivc:-- feuvricy esa funotkon of som

par~,•t7, f im e•pl:- rgniiicant wava heigzht h (in the

$' •LV Qu2) ,



Notes for Figure D-10 - Continued

where A = (8 x 10 2 ) g2

B = (33.56) h

w = wave frequency

or (for the Neuman spectrum) as a function of wind velocity

S(s ) = (c/o6) exp (-2g 2 /U 2 W2 ) Cos2xM

C = 32.9 FT - SEC 5

U = wind velocity

xm = angle between wind and wave patterns.

eoo; ~ 0~;At tPE~RVA MPLITQC'

- -s, SPE R ' I I, e "
Jk FA" 'wNT " 250' SH:P

I | •. 2.. 3'.:'

- , '' , ,-Ptt' 'F-' D,-0•- 10" -n
A C , •.•1//e " 1 -• i ,, n r, h 500' SK,!,

L~I.I

whuru'C (and tj 4 to e pitch in rdi9 nsv and (rd '13 aroe,

i-114Vý' 25 ' $-p "

The ~&cFigur -0-1 Tiypicatlh ristch Rshi ponm o vplnd

northur (andru n o iathe pcitchin r)tadions and At(n)r dNte:

in ~ ~ ~ ~ ~ -0 th itau' h a isu teh~ rstihip r n'plituo onpora-

tore i're dcuf in2 and ww-~inxnix~di aosvys.

For c ! i;iaoc 2.the rc~n'onne .At~molitudo opera-

tOr ($tA())i pilzch It. ucatcd by 2x vava, am-pltld/ti lnjh

D- 25



I m I
eL/2S,, L is the ships length and is the wave smplitude.

In the case of that reference, equation 5 is used. The

difference in the curves for the 250' and 500' ships are

very significant. They illustrate the general principals

that apart from hull shape and weight distribution, that

wave components of only certain frequencies have significant

effects on ship motions. In general:

(a) Wave components of about 3/4 ship length or above

have appreciable effects in pitching motions in head seas,

(b) The most severe motions rosult at about the ships

znatural pitchU4,g frequencies. The same kind of statements

can be made about all ship motions components.

The total pitch ship respoane in a particular sea state

represented by the sea st.ate &pectrum of isiure D-I.( it

determined by i.LItiplying ordinate by ordinato thc spectra

of .- iguvu D-10a and D-10b to obtain tho -.;pctrtx , iguro

t -10c. Again, it will be not-edt that thervý ic a v.qnificant

c-han•:Y ift the ahapiý of. thC ,'otrU F'oy vAmplo, the peak

R! h~~iN the .1W chi is't about 1.0

incy of l.1.2 wh~,tw pitch Avolhiturlz spoctx'A fr the

sa • ,, •,,, ,,,w s mnl uu• p iv Yl flat b cI n of 0.6

ta) li~th Fi.Wt U- 10ký the pvak ýV,*plli-

*t-~.;dý oft he oriin-ý wqýcr is at about WO 0.4. The

Lh~ istot Lh .htaiD th hipo ~r<' d cte



into head-on seas.

(b) The smooth curves of 'igure D-lOb represents an

interpolation through an ensemble of solutions to the pitch

equation of equation D-1, wherein the pitch e has been

scaled by the wave amplitude. That is

2 (n5/ao)

where a is the amplitude of the exciting wave. Each
0

poitnt on the smoothed RAO curve of Figure D-10b represents

a single independent solution of equation D-1 (in this case

the pitch equation). That is to say, the point on the

taired curve (u/c)2 quoted above at an encounter frequency

of 0.8 (for the 250' ship) is the n5 (or p~tch) solution to

equationr Dl- for the (uit) wavc forcing function of
cos (0.St) (Head-on)

Likewise, the maxinum uamplitudu for the 250' ship which

occurs at an encountor faaquenry of aboutt w .i1 radiana/

sueotd is the siiclc pýýrticular -I solution for the particular

(unit) w4vc

rtac~ih 6-5ti4tih tcuat1Avn Da-1 rakt~t be %olvc4 to dctz'ý-nino

u.ha .-=: h R. In~tfcce a o
ox~hp outiolu•,e, ft pitc-h at:k hcavoa re cJicuLatt~d at

thenr m ......... of 0.2 frort 1.0 to 6.

Th) me itch asplitvdoa rpýtctra Fiqturo 0-10c is for

Ntch fr-C-quenety. UP# protý-et of tb'- t$a0~v4 seajic~rt6

(in f n-'str tcrucr-cy) and the RAO Of rituro U-1011.

hsccvc h a, 1a 4 it noaaant t%) reialtz it; that. thce pitch
• "-27
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spectrum (s (w) of Figure 0-l0c is itself a spectrum of

k }exactly the same statistical nature as Figure D-10a. The

spectal crve ells us nothing 1rýt1 about the expected

amplitudes of pitching and notthing whatsoever concerning the

frequencies at which these expected amplitudes might occur.

Statistically, the expected amplitudes are related to the

total area under the pitch amplitude spectra, Figure D-liJc.

Thus for tne total energy

F 1S1/2!f 2S6.1'd

statistical thc~ory states that for a typical "Rayleigh"~

distributi~on, the averagc aýrpitude 0 "significant" (or

averwre of 1/2` -arnest 13 and average of -'11

highcvst aw-plides c~are qivs..n by the exprcss-ions

Thu-tx in t~ho c u-rtoa i~ u n-O, F.,4 Ioa ier

in tlhi -urvo foi t'i J51 thip fr=n a- is aba~,t

3

is ~~ it h"ti iv, i- wha v"i.l to 1-W



Although the various "statistical" .. amp.tudes referred

to above ("average", "significant" or .Lhihest") are

functions of the total area of the energy curve, this method

provides no information to associate these a1nPlitudes with

aiispecific fr!'cuency. Although our mathematical intuition

assures us that there is no other way for it to be, it in

nonetheless a feeling. of somehow being cheated that overcomes

us when we review the three sets of curves in Figure D-10.

The curve of Figure D-10b -.i composed of a faired interpo-

lation of points, each of which as a solution of one of the

equations of the set equation D-1 is a solution which com-

bines both amplitude and. frequency (as well .S phase lag)

infornmation. F:or examp.le, as quoted above, at an encounter

frequency of 0.8, whero 10.,/) 2 x i0L ' s)."' . •tzilS ship pitches

about

0 = ,81511/-T oi wave

That is to say that for a 2' wav.- of the f, rai

z cos OD.t

The ship would pitch acc.ordino to tha *xprejsrion

Nhci~o altou,-h dletrn-i byv t'kv solution ufequaticmo-

is 1 not, incutdcd in th' 4--ita of isuro D-10b) - However*

"thu gneratlon of Fiquro D-•Oo, both 'he fraqu#vjcy and 'hAit

informati.n of Nolution D-*- io diacarded. and "ljtu•::s of

Va:orav ~ of 1/10" hiihoot') or the probibility ot an

i z,, ji .ih i;4_e rc h _.

D-29



integrcat d a~rea of the S (wM curve. For excample, statistical

theory for this typo of distribution (the "Rayleigh" distri-

bution) states that thr; probability that the amplitude e, a

given response will exceed an amplitude e, gfiven height 61,

is

2

Since the "significant"~ amplitude "average of the 1/3rd highest)

for a Rayleigh solution is

01/3 2.O

'where

E f S0 w d~
0

fcý *ry suff~ciently ~a~rye number N such thatt N G>

the ii~nst probable lar~cjcs,- pitching zvnplitude e~I

l/ 3 n

No similar inforination is provided ~rIm F'igure D-10c f or Wue

most prob~ible froquency or xrnge of irequencies for vhich a

given 4a'~p1it"440 may Clacuz.,
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COMPILATION OF HARRIER DATA

\-. The data on the Harrier GR Mark 1 aircraft which follows was

received by CADCOM after the conclusion of the project described

in this report. It was furnished by Dr. Bernard H. Carson of the

Office of Naval Research, London.

CADCOM includes it herein strictly for information purposes

and makes no representations about its accuracy or completeness.
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